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ABSTRACT 
EXPANSION OF AND RECLASSIFICATION WITHIN THE FAMILY 
LACHNOSPIRACEAE 
SEPTEMBER 2016 
KELLY NICOLE HAAS, B.A., MIAMI UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Prof. Jeffrey L. Blanchard 
 
 The Lachnospiraceae is a recently approved taxonomic family, though its first 
representatives were discovered in the early 1900s. It is comprised of anaerobic saccharolytic 
bacteria, isolated from digestors, soil, the rumen, and the gut, and has become well-known for its 
many butyrate producers. Many of the early members were dubbed Clostridium spp. due to their 
ability to form spores. But in the 1990s, sequencing turned the taxonomy on its head: this genus 
crossed several families of distantly related bacteria.     
Here, we attempt to rectify a large portion of this nomenclatural issue within the family 
Lachnospiraceae. Approximately one third of the family consists of Clostridium species who are 
still taxonomically recognized as Clostridiaceae, despite being phylogenetically distinct. The 
continued inclusion of these taxa in the Clostridium genus leads to confusion over the true 
phylogenetic breadth of this family, which is problematic for those who are not Clostridial 
taxonomy experts.     
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We begin with an in-depth analysis of Clostridium methoxybenzovorans, culminating in 
the assertion that is a heterotype of Clostridium indolis, followed by reclassification of the 
broader group in which this organism resides. This clade comprises about one-eighth of the 
described species in the Lachnospiraceae. We propose two novel genera, Lacriformis and 
Enterocloster, to reclassify this clade, this includes reclassification of Clostridium sphenoides, 
Clostridium indolis, Clostridium saccharolyticum, Clostridium celerecrescens, Clostridium 
xylanolyticum, Clostridium algidixylanolyticum, Clostridium aerotolerans, Clostridium 
amygdalinum, and Desulfotomaculum guttoideum as Lacriformis sphenoides, comb. nov., 
Lacriformis indolis, comb. nov., Lacriformis saccharolyticum, comb. nov., Lacriformis 
celerecrescens, comb. nov., Lacriformis xylanolyticum, comb. nov., Lacriformis 
algidixylanolyticum, comb. nov., Lacriformis aerotolerans, comb. nov., Lacriformis 
amygdalinum, comb. nov., and Lacriformis guttoideum, comb. nov. A second genus, 
Enterocloster, includes Clostridium clostridioforme, Clostridium bolteae, Clostridium citroniae, 
Clostridium lavalense, Clostridium aldenense, and Clostridium asparagiforme, reclassified as 
Enterocloster clostridioforme, comb. nov., Enterocloster bolteae, comb. nov., Enterocloster 
citroniae, comb. nov., Enterocloster lavalense, comb. nov., Enterocloster aldenense, comb. nov., 
and Enterocloster asparagiforme, comb. nov. 
Next we propose reclassification of another group of Clostridium species, composed of 
cellulolytics and hemicellulolytics. To properly house these four taxa, we propose two novel 
genera. One genus, Cellulospecium, gen. nov., is to include Cellulospecium herbivorans, comb. 
nov., Cellulospecium populeti, comb. nov., and Cellulospecium polysaccharolyticum, comb. 
nov., formerly Clostridium herbivorans, Clostridium populeti, and Clostridium 
polysachharolyticum. Another genus, Leschinia, houses Leschinia phytofermentans, comb. nov., 
vii 
 
formerly Clostridium phytofermentans. We also describe a novel species, Anaerocolumna 
spermata. 
We then propose the classification of a novel genus, Kineothrix, with the novel species 
Kineothrix alysoides. The organism was isolated from an anaerobic switchgrass microcosm 
developed using forest soil. It is a highly motile anaerobic spore-former, with broad 
saccharolytic capabilities. It produces butyrate as a major fermentation product and is able to fix 
nitrogen. 
We end with the microcosm from which Anaerocolumna spermata, Kineothrix alysoides, 
and others novel taxa were isolated. Having isolated the most abundant members of this 
switchgrass-degrading community, we were able to approach the question of the rare biosphere 
through synthetic ecology. Rather than culling out diversity with toxins, we were able to remove 
diversity by simply leaving it out of a reconstituted community. These rare members had a 
significant effect on plant degradation, though a nutrient-limiting medium had a more 
pronounced effect. This approach is especially useful for comparative and perturbation studies. 
While much of the Lachnospiraceae remains misnamed as Clostridium, Ruminococcus, 
or Eubaterium spp., this takes a significant step towards rectification, while also introducing new 
and exciting microbes to our lexicon. Anaerocolumna spermata has already gained attention as a 
potential serotonin mediator in the gut. Hopefully the increase in accessibility that accompanies 
proper taxonomy will lead to more interest in and more research on these important bacteria. 
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CHAPTER 1  
A HISTORY OF THE LACHNOSPIRACEAE 
 
In 1908, Henry Tissier published the description of a novel taxon isolated from 
toddler feces (Tissier, 1908). It was a rod-shaped anaerobe, presumed to be non-
sporeforming, although Tissier describes the cells as sometimes having paloton de 
jaridinier, a “gardener’s ball of twine”, around their middles (Eggerth, 1935; Tissier, 
1908), much like a developing endospore. At this early age of microbiology, these 
characteristics warranted classification as a Bacillus. Some decades later, Arnold Eggerth 
catalogued and reclassified several anaerobic bacilli from human feces, including those 
Tissier had isolated and described. Owing to the organism’s Gram positive staining, 
Eggerth reclassified it as a Bacteroides. In another decade it was once more reclassified 
as Pseudobacterium, an even less strict definition than Bacillus or Bacteroides in that it 
referred to any rod-shaped microbe 
Prior to Eggerth’s work, it was believed that adult feces contained mainly aerobic 
organisms, and that these strict anaerobes were peculiar to a child’s digestive tract. 
Unfortunately, this organism, now called Eubacterium ventriosum, went largely ignored 
for almost a century – perhaps due to difficulty of maintenance in vitro. But in the last 
decade, it is being written about again, this time in the context of the human gut 
microbiome. Though not a dominant member, it does make up about 0.04% of the fecal 
flora (Eckburg, 2005), perhaps an underestimation due to a bias against Clostridia in 
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community sequencing methods, likely due to cell wall structure (Bahl et al., 2012; Cuív 
et al., 2011; Maukonen et al., 2012). 
This story highlights the complicated taxonomic history of not only this organism, 
but many that were discovered during the first golden age of microbiology: when 
bacteriologists were sampling feces, and rumens, and dental plaque simply to discover 
what these microscopic cosmoses had been hiding. Many interesting but almost 
indistinguishable microbes were found and studied. Similar morphologies led to more 
detailed phenotypic and biochemical tests being employed to differentiate strains, 
something that has much been lost today due to our reliance on 16S rRNA sequencing. 
Other early work on the human gut microbiome through the 1900s to the 1950s 
led to the discovery of several more non-proteolytic strict anaerobes, and dozens more 
when the 1960s and 1970s gave way to a boom in rumen microbiology. Round organisms 
were generally classified as Ruminococci, while rods were either Clostridia or 
Eubacteria, depending on the ability to form spores. Proteolysis, sulfate reduction, or 
other unique traits were sometimes the basis for development of a novel genus (Bryant 
and Small, 1956a, 1956b; Campbell and Postgate, 1965; Wachsman and Barker, 1954).  
 Several years after these organisms were discovered and classified, Frederick 
Sanger developed a technique that would change microbial classification forever (Sanger 
et al., 1977; Sanger and Coulson, 1975). Sanger sequencing enabled us to glimpse the 
code in a microbe’s DNA. At about the same time, Carl Woese was developing the small 
ribosomal subunit as a molecular marker through oligonucleotide fingerprinting 
experiments (Woese and Fox, 1977). About a decade later, Carl Woese’s work entitled 
“Bacterial Evolution” propelled the wide-spread use of 16S rRNA gene sequencing as a 
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chronometer of evolution and relatedness (Woese, 1987), spurring a sequencing frenzy 
that can be likened to whole genome sequencing today. This genomic fragment gave 
scientists phylogenetic resolution that they had never had access to before. But of course, 
with this groundbreaking approach came huge disruptions: not all anaerobic sporeformers 
were cousins.  
By the mid-1990s, researchers had realized that there were serious problems with 
the taxonomy and phylogeny of the genus Clostridium (Collins et al., 1994; Stackebrandt 
et al., 1999). It spanned a huge phylogenetic breadth and was interleaved with various, 
phenotypically distinct genera. As originally defined, to be included an organism had to 
be a Gram positive anaerobe which formed spores and did not reduce sulfate. Today we 
realize the diversity present on the planet Earth, and that these four conditions are easily 
met by a great variety of bacteria spanning distant corners of the bacterial tree of life. 
 In order-level phylogenies, a natural tribe was formed by these mainly 
saccharolytic gut commensals, distinctive of other Clostridium spp. Collins et. al dubbed 
this clade Clostridium cluster XIVa (Collins et al., 1994). The relatively closely related 
cluster XIVb still was deep-branching and had few members. However, a contemporary 
restructuring of the taxonomy led to inclusion of both of these clusters into a single 
family, the Lachnospiraceae, though it is still arguable that these two groups be 
considered separate Families. The first usage that we can find of “Lachnospiraceae” is 
from 2003 (Janssen and Hugenholtz, 2003), with continued usage for the next several 
years (Carlier et al., 2007, 2004; Cotta and Forster, 2006) leading up to the official 
taxonomic acceptance of the family Lachnospiraceae (Rainey, 2010). Though the family 
name is relatively new, the first representative of the family was described by Tissier in 
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1908. Exploration of the breadth of this group of organisms is reaching its peak now, due 
to interest in the human gut microbiome. Approximately half of the family consists of 
taxa which were isolated and named since the year 2000.  
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Figure 1. The Family Lachnospiraceae. This tree, based on the 16S rRNA gene shows 
the phylogenetic breadth of the family, including misclassified taxa. 
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 The Lachnospiraceae consists of 26 different genera, including many Clostridia 
(Figure 1). They are some of the oldest members of the tribe and span the breadth of the 
phylogeny. Clostridium sphenoides is the second-oldest taxon in the family, having been 
described by Douglas in 1917. The organism was originally isolated from a gangrenous 
wound and later in human feces, soil, and marine sediment. Several morphologically 
similar taxa have been discovered that are close relatives, including Clostridium indolis 
(Gogotova and Vainshtein, 1983; Gylswyk and Toorn, 1987; McClung et al., 1957; Palop 
et al., 1989; Parshina et al., 2003; Rogers and Baecker, 1991). They are distinctive for 
their wedge shape during spore-formation (spheno Gr. n. “wedge”). C. indolis was named 
for its ability to produce indole, a product of tryptophan metabolism, now known to be a 
signaling molecule not only between microbes but between microbes and plants (Koul et 
al., 2015; Lee and Lee, 2010). This characteristic is actually quite uncommon among 
other taxa in the family. Though mostly unable to reduce sulfate, this C. sphenoides 
group seems to be some of the only H2S producers in the family, reducing sulfite, 
cysteine, or thiosulfate instead (Broda et al., 2000; Douglas et al., 1917; Gogotova and 
Vainshtein, 1983; McClung et al., 1957; Parshina et al., 2003; our own work). This 
characteristic and perhaps confusion between reduction of the cysteine in the growth 
medium and reduction of added sulfate led to inclusion of Desulfotomaculum guttoideum 
in a sulfate-reducing genus (Gogotova and Vainshtein, 1983; Stackebrandt et al., 1997).  
Clostridium oroticum, originally Zymobacterium oroticum, was described in 1954 
and named for its ability to ferment orotic acid (Cato et al., 1968; Wachsman and Barker, 
1954). Originally classified as a novel genus within the Lactobacillaceae, the organism 
was transferred to the Clostridium genus when heat-resistant spores were discovered 
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(Cato et al., 1968). It was isolated from bay mud enriched on orotic acid, and was also 
able both utilize and synthesize the compound. At the time, orotic acid was of interest in 
liver metabolism, uracil synthesis, and as a growth factor for some microbes. We now 
know that it is an intermediate in pyrimidine synthesis, explaining its activity as a growth 
factor. There is an extensive body of literature regarding its bioactivity in humans as well. 
It has been shown to be cardioprotective, specifically in post-ischemic hearts, increasing 
metabolism of fatty acids and glucose. Whether this effect is unique to orotic acid or is 
due to its pyrimidine end-products has not been shown. 
Clostridium aminovalericum was isolated from sewage sludge and described in 
1960 by Hardman and Stadtman; named for its ability to utilize aminovaleric acid as its 
sole carbon and nitrogen source (Hardman and Stadtman, 1960). Though the name 
conjures to mind a proteolytic organism, C. aminovalericum seems to be able only to use 
its eponymous amino acid for growth and cannot grow on whole protein. It can use a 
wide variety of mono-, di-, and polysaccharides, as well as sugar alcohols, and a later 
publication also revealed its ability to utilize cellulose (Jeong et al., 2004), a 
characteristic it shares with several relatives.   
Clostridium phytofermentans was described by Warnick et al. in 2002. It is named 
for its ability to ferment plant material, including both the complex hemicellulolytic and 
the crystalline cellulolytic components. Its ability to do this while producing mainly 
ethanol made it an attractive catalyst for next generation biofuel production at a period 
when oil prices were at an all-time high. A company, Qteros, was developed around 
scaling up and commercializing the technology. Though sharing the same genus name, it 
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is phylogenetically quite distant from its closest cultured representative, Clostridium 
populeti, which falls into a small clade with C. aminovalericum.  
In what used to be referred to as cluster XIVb is a very distant group of organisms 
consisting of the genera Cellulosilyticum and Clostridium. The first representative of this 
group, Clostridium propionicum, was characterized in 1946 by Cardon and Barker. This 
taxon was originally isolated from black San Francisco Bay mud enriched on alanine 
medium, and as the name denotes, produces mainly propionate from fermentation. A 
close relative was described in 1992 and due to a lack of phenotypic differences was 
aptly named Clostridium neopropionicum. They appear to be incapable of utilizing 
carbohydrates, but do ferment amino acids and short-chain fatty acids and alcohols. 
Oddly enough, despite a distance of up to 15% in their 16S rRNA gene sequences, 
these organisms are all classified within the same taxonomic genus. While this 
discrepancy between taxonomy and phylogeny was well-acknowledged, it was a daunting 
task to reclassify the hundreds of misplaced Clostridium spp. In many novel species 
descriptions thereafter, authors addressed this issue but still went on to use the name 
Clostridium outside of the genus sensu stricto. In the last fifteen years, however, several 
researchers have set out to rectify the situation even if only one taxa at a time. In 2003, 
Taras et al. reclassified Eubacterium formicigenerans, another multi-family-spanning 
genus, as Dorea formicigenerans. In 2008, there were eight revisions within the family, 
in large part thanks to Liu et. al’s creation of the genus Blautia and six coincident species 
revisions. In 2010, Cai et. al proposed the genus Cellulosilyticum, with the novel species 
Cellulosilyticum ruminicola and the reclassified Cellulosilyticum lentocellum (formerly 
Clostridium lentocellum). Another Eubacterium species gave way to the new genus 
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Lachnoanaerobaculum in 2013, including the novel species Lachnoanaerobaculum orale 
and the reclassified Lachnoanaerobaculum saburreum. However, approximately half of 
the family is still misclassified into polyphyletic genera including Eubacterium, 
Clostridium, and Ruminococcus, all which have their own eponymous sensu stricto 
Families. 
Since these organisms are all taxonomically Clostridium spp., and therefore 
Clostridiaceae, taxonomic databases leave out all Clostridium spp. from the 
Lachnospiraceae (LSPN, NamesforLife, Taxinomicon, and Rainey’s description of the 
Lachnospiraceae, fam. nov. in 2010). Researchers who do not know or understand the 
dichotomy between taxonomy and phylogeny use these soures as phylogenetic, rather 
than taxonomic, guides, leading to a continual development of misleading phylogenetic 
trees for new taxa, thereby perpetuating and even propagating the cycle. Even researchers 
who study Clostridia accidentally overlooked those in the Lachnospiraceae and 
Ruminococcaceae (along with other Families) in NCBI databases when the NCBI 
unassumingly changed the taxonomy of these genera to Lachnoclostridium and 
Ruminoclostridium. A serious oversight in work analyzing or comparing plant-degrading 
mechanisms. Stackebrandt (Stackebrandt, 2014) left out the Clostridium spp. from the 
family when discussing the capabilities of Lachnospiraceae, even though they make up 
approximately one third of the described species. Only including the taxonomic family 
Lachnospiraceae in the analysis led to the conclusion that spore-formation in this group 
is a rarity, though it is a trait shared by at least 50% of the phylogenetic family, likely 
even higher considering that many researchers did not test for it. 
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Official taxonomic revision for these organisms is integral to their visibility and 
accessibility, which is especially important given their phenotypic breadth and 
importance in industry and human health. This work attempts to disentangle at least the 
majority of this web, reclassifying several genera within the Lachnospiraceae using 
phenotypic and genomic data to inform proper placement. These genera comprise 
approximately two-thirds of the misplaced Clostridium spp. within the family, with the 
others largely dispersed as single representatives nested between other genera. The work 
is certainly not finished, but the reclassification of these singletons can be done with 
relative ease in the future. But of course the most difficult part of taxonomic revision is in 
the subsequent usage by other scientists. 
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CHAPTER 2 
NON-CONTIGUOUS GENOME SEQUENCE OF THE LIGNAN TRANSFORMING 
CLOSTRIDIUM METHOXYBENZOVORANS 
 
2.1 Abstract 
Clostridium methoxybenzovorans is saccharolytic spore-former within the 
Lachnospiraceae family. It notably is capable of O-demethylation, enabling it to partially 
degrade methoxylated aromatics of which lignin and lignans are composed. These 
compounds are important in many biological and industrial processes, including digestion 
and bioprocessing, as they make up a large portion of plant biomass. Lignans are of 
recent interest in human health for their cardiovascular and cancer protective roles, 
particularly after their transformation to mammalian estrogens by gut microbes. To 
identify the genes related to lignin and lignan metabolism in C. methoxybenzovorans, we 
have sequenced and analyzed the genome. A large (2439 bp) gene is a fusion of the mtvA 
and mtvC genes in the O-demethylase system of Moorella thermoacetica. C. 
methoxybenzovorans has not been observed to be motile, but the genome includes genes 
for flagellar machinery as well as twenty uncharacterized chemoreceptors, suggesting 
wide substrate range. Close relative Clostridium indolis has this same chemotactic profile 
and O-demethylation genes as C. methoxybenzovorans. O-demethylation was observed in 
vitro by both C. methoxybenzovorans and C. indolis. C. methoxybenzovorans is only 
differentiated from Clostridium indolis by 600 genes (of 6,592 protein coding genes), half 
of which appear to be phage-related. Based on the average nucleotide identity (ANI) 
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(>99%), 16S rRNA sequence identity (>99%), and physiological characterization, we 
propose that C. methoxybenzovorans should be reclassified as Clostridium indolis strain 
methoxybenzovorans. 
2.2 Introduction 
C. methoxybenzovorans was named for its ability to O-demethylate phenyl methyl 
ethers (Fig. 2), also called methoxylated aromatics (Mechichi et al., 2005, 1999). These 
compounds are abundant in nature in the form of monolignols: precursors and breakdown 
products of lignin and lignans, two related but functionally distinct classes of plant-
derived molecules (Lewis et al., 1998). Lignin is the heterogeneous polymer that confers 
structural rigidity to plant cell walls, while lignans are plant defense molecules, of recent 
interest for their oncoprotective role in humans (Adlercreutz, 1995; Arroo et al., 2014; 
Lewis et al., 1998; Mabrok et al., 2012; Struijs et al., 2009; Wang, 2002). Lignans, when 
metabolized by gut microbiota, are transformed from phytoestrogens into mammalian 
estrogens (Mabrok et al., 2012; Wang, 2002). These compounds have been shown to 
exhibit antagonistic effects on endogenous estrogens, counteracting the proliferative 
effect they have on breast cancer cells (Adlercreutz, 1995; Arroo et al., 2014; Wang, 
2002). In human males, high serum levels of this same estrogen analogue are correlated 
with a significantly lower risk of acute coronary events (Vanharanta et al., 1999). 
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Figure 2. O-demethylation of vanillic acid to protocatechuic acid. 
 
Lignin is often thought of as indigestible by anaerobic bacteria, although 
anaerobic lignin degradation has been observed in undefined microbial communities and 
more recently in pure cultures (DeAngelis et al., 2013, 2011; Sleat and Robinson, 1984). 
When C. methoxybenzovorans is grown on lignin-related compounds, the primary 
fermentation product is acetate, which can be further utilized as a carbon source by other 
microbes (McInerney et al., 2009; Mechichi et al., 1999; Mori et al., 2012; Morris et al., 
2013; Müller et al., 2013). In mammalian hosts, acetate is absorbed through the intestinal 
lining, whereafter it promotes adipogenesis (Hong et al., 2005). 
Here we analyze C. methoxybenzovorans’s genome, focusing on its metabolic 
capabilities, including the genes making up the O-demethylation pathway for which it is 
named. The genome is compared to the recently sequenced genome of Clostridium 
indolis (DSM 755), a very close relative to C. methoxybenzovorans, with greater than 
99% shared identity between reference 16S rRNA gene sequences. 
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2.3 Organism information 
Classification and features  
Clostridium methoxybenzovorans (DSM 12182), initially described in 1999, was isolated 
from a methanogenic olive mill waste digester. It is a strictly anaerobic, Gram-positive, 
rod-shaped sporeformer in the family Lachnospiraceae (Fig. 3, Fig. 4). 
Figure 3. Photographs of C. methoxybenzovorans. A) Phase contrast microscopy image 
of C. methoxybenzovorans in defined media with cellobiose without amino acids except 
cysteine B) Photograph of C. methoxybenzovorans colonies on GS2 media with 
cellobiose C) Phase contrast microscopy image composite of sporulating cells. 
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Figure 4. Phylogeny of C. methoxybenzovorans and related species in the family 
Lachnospiraceae. Not all taxa were included due to space. “T” denotes type strain; “*” 
denotes that the organism’s genome has been sequenced. C. methoxybenzovorans is 
highlighted by the blue box. The tree was rooted with Bacillus subtilis. The evolutionary 
history was inferred by using the Maximum Likelihood method based on the General 
Time Reversible model (Nei and Kumar, 2000). The tree with the highest log likelihood 
(-13903.9308) is shown. The percentage of trees in which the associated taxa clustered 
together is shown next to the branches. Initial tree(s) for the heuristic search were 
obtained by applying the Neighbor-Joining method to a matrix of pairwise distances 
estimated using the Maximum Composite Likelihood (MCL) approach. A discrete 
Gamma distribution was used to model evolutionary rate differences among sites (5 
categories (+G, parameter = 0.2085)). The rate variation model allowed for some sites to 
be evolutionarily invariable ([+I], 0.0000% sites). The tree is drawn to scale, with branch 
lengths measured in the number of substitutions per site. The analysis involved 101 
nucleotide sequences. All positions containing gaps and missing data were eliminated. 
There were a total of 999 positions in the final dataset. Evolutionary analyses were 
conducted in MEGA6 (Tamura K et al., 2013, p. 6). 
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It grows optimally at 37°C and at a pH of 7.4, but is able to grow from 20°C to 
45°C and pH 5.5 to 9.0 (Table 1). C. methoxybenzovorans is able to utilize carbohydrates 
including glucose, fructose, sorbose, galactose, myo-inositol, sucrose, lactose, and 
cellobiose; hydrogen gas, carbon dioxide, formate, acetate, and ethanol are produced 
(Mechichi et al., 1999). It is also able to utilize lactate, betaine, sarcosine, dimethylglycine, 
methanethiol, dimethylsulfide, methanol, and a variety of methoxylated aromatics, 
including vanillate and syringate (Mechichi et al., 1999). When grown on lactate, C. 
methoxybenzovorans produces methanol; when grown on methoxylated aromatics acetate 
and butyrate are produced, and on the other substrates acetate alone is produced (Mechichi 
et al., 1999). Utilization of methoxylated aromatics does not result in ring cleavage, but 
rather O-demethylation, where the methyl group is cleaved from the oxygen of the ether 
bond (Mechichi et al., 1999).   
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Table 1. Classification and general features of Clostridium methoxybenzovorans. 
MIGS ID Property Term Evidence 
codea 
 Current classification 
 
Domain Bacteria 
Phylum Firmicutes 
Class Clostridiales 
Order Clostridia 
Family Lachnospiraceae 
Genus Clostridium 
Species Clostridium 
methoxybenzovorans 
Type strain yes 
Strain SR3 
TAS3 
 Gram stain Positive TAS3 
 Cell shape Rod TAS3 
 Motility Nonmotile TAS3 
 Sporulation Terminal TAS3 
 Temperature range 20°C to 45°C TAS3 
 Optimum temperature 37°C TAS3 
 pH range; Optimum 5.5 to 9.0; 7.4 TAS3 
 Carbon source Carbohydrates, fatty acids, 
CO2/H2 
TAS3 
 Energy source Fermentation, sulfur compound 
respiration 
TAS3, IDA 
MIGS-6 Habitat Isolated from methanogenic 
olive mill digester 
TAS3 
MIGS-6.3 Salinity 
 
Negative effect at >0.5%, 
inhibition at 3.5% 
TAS3 
MIGS-22 Oxygen 
 
Strict anaerobe TAS3 
MIGS-15 Biotic relationship Free living TAS3 
MIGS-14 Pathogenicity Not known, but close relatives 
C. indolis, C. celerecrescens, C. 
sphenoides and D. guttoideum 
nonpathogenic in animal tests 
TAS 
MIGS-4 Geographic location Sfax, Tunisia TAS3 
MIGS-5 Sample collection 
time 
NR  
MIGS-4.1-2  Latitude – Longitude 34.748150, 10.745450 NAS 
MIGS-4.3 Depth NR  
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(continued) 
MIGS-4.4 Altitude 8 m above sea level NAS 
a) Evidence codes - IDA: Inferred from Direct Assay; TAS: Traceable Author Statement 
(i.e., a direct report exists in the literature); NAS: Non-traceable Author Statement (i.e., 
not directly observed for the living, isolated sample, but based on a generally accepted 
property for the species, or anecdotal evidence). These evidence codes are from 
http://www.geneontology.org/GO.evidence.shtml of the Gene Ontology 
project(Ashburner et al., 2000).  
 
2.4 Genome sequencing information 
Genome project history 
 Sequencing was carried out by the JGI and funded through community 
sequencing proposal (CSP) 831, “Understudied soil microbes with underappreciated 
capabilities:  Untangling the Clostridium saccharolyticum group.” Sequencing began in 
November of 2012 and was completed and released to authors in June of 2013. A hybrid 
of PacBio and Illumina technologies was used to achieve 1619 fold coverage of the 
genome. Assembly was done using AllPathsLG (Gnerre et al., 2011); gene calling was 
done in GenePRIMP (Pati et al., 2010) and Prodigal (Hyatt et al., 2010). The final 
genome is a high quality permanent draft in 14 scaffolds. The genome can be found in the 
IMG database (taxon ID 2526164529; locus tag H204DRAFT) and in Genbank 
(assembly ID GCA_000421505.1). The details are summarized in Table 2. 
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Table 2. Project information 
MIGS ID Property Term 
MIGS-31 Finishing quality Permanent Draft 
MIGS-28 Libraries used Illumina standard shotgun, 
Illumina long insert mate pair, 
PacBio SMRTbellTM 
MIGS-29 Sequencing platforms Illumina HiSeq 2000, PacBio RS 
MIGS-31.2 Fold coverage 1619X 
MIGS-30 Assemblers AllpathsLG 
MIGS-32 Gene calling method Prodigal, GenePRIMP 
 Locus Tag H204DRAFT 
 Genbank ID 729928, GCA_000421505.1 
 Genbank Date of Release 2013/07/09 
 GOLD ID Gi22509 
 BIOPROJECT PRJNA187237 
MIGS-13 Source Material 
Identifier 
DSM 12182 
 Project relevance O-demethylation, plant 
degradation 
 
Growth conditions and genomic DNA preparation 
C. methoxybenzovorans SR3 DSM 12182 was obtained from the DSMZ culture 
collection. It was cultivated anaerobically on GS2 medium with cellobiose(McClung et 
al., 1957; Warnick et al., 2002) with a nitrogen gas headspace. DNA for genome 
sequencing was extracted using the DNA Isolation Bacterial Protocol available through 
the JGI with stock concentrations changed to 20mg/mL for both lysozyme and proteinase 
K. Genomic DNA fragment size was assessed by gel electrophoresis, and sample purity 
was assayed using a NanoDrop (ThermoScientific, Wilmington, DE). The Quant-iTTM 
Picogreen assay kit (Invitrogen, Carlsbad, CA) was used as directed in order to quantify 
the extracted genomic DNA. 
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Genome sequencing and assembly 
The draft genome of Clostridium methoxybenzovorans SR3 was generated at the 
DOE Joint Genome Institute (JGI) using a hybrid of Illumina and Pacific Biosciences 
(PacBio) technologies. An Illumina standard shotgun library and long insert mate pair 
library was constructed and sequenced using the Illumina HiSeq 2000 platform (Bennett, 
2004). 24,206,550 reads totaling 3,631.0 Mb were generated from the std shotgun and 
82,680,164 reads totaling 7,441.2 Mb were generated from the long insert mate pair 
library. A PacBio SMRTbellTM library was constructed and sequenced on the PacBio RS 
platform. 132,270 raw PacBio reads yielded 166,032 adapter trimmed and quality filtered 
subreads totaling 399.6 Mb. All raw Illumina sequence data was passed through DUK, a 
filtering program developed at JGI, which removes known Illumina sequencing and 
library preparation artifacts (Mingkun et al., 2011). Filtered Illumina and PacBio reads 
were assembled using AllpathsLG (PrepareAllpathsInputs: PHRED 64=1 PLOIDY=1 
FRAG COVERAGE=50 JUMP COVERAGE=50; RunAllpathsLG: THREADS=8 
RUN=std pairs TARGETS=standard VAPI WARN ONLY=True OVERWRITE=True) 
(Gnerre et al., 2011). The final draft assembly contained 14 contigs in 14 scaffolds. The 
total size of the genome is 7.1 Mb. The final assembly is based on 3,631.0 Mb of 
Illumina Std PE, 7,441.2 Mb of Illumina CLIP PE and 399.6 Mb of PacBio post filtered 
data, which provides an average 1559.5X Illumina coverage and 56.3X PacBio coverage 
of the genome, respectively. 
Genome annotation 
Genes were identified using Prodigal (Hyatt et al., 2010), followed by a round of 
manual curation using GenePRIMP (Pati et al., 2010). The predicted CDSs were 
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translated and used to search the National Center for Biotechnology Information (NCBI) 
nonredundant database, UniProt, TIGRFam, Pfam, KEGG, COG, and InterPro databases. 
The tRNAScanSE tool (Lowe and Eddy, 1997) was used to find tRNA genes, whereas 
ribosomal RNA genes were found by searches against models of the ribosomal RNA 
genes built from SILVA (Pruesse et al., 2007). Other non–coding RNAs such as the RNA 
components of the protein secretion complex and the RNase P were identified by 
searching the genome for the corresponding Rfam profiles using INFERNAL (Nawrocki 
et al., 2009). Additional gene prediction analysis and manual functional annotation was 
performed within the Integrated Microbial Genomes (IMG) platform (Markowitz et al., 
2009; The Integrated Microbial Genomes (IMG) platform., n.d.) developed by the Joint 
Genome Institute. 
 
2.5 Genome properties 
The genome is currently in fourteen scaffolds. Many putative phage genes are 
encoded in several of the shorter scaffolds, so it is possible that there are integrated 
prophages which may hinder concatenation of the remaining scaffolds. The total length 
of the fourteen scaffolds is 7,085,377 bp with an average GC content of 44.54%. A total 
of 6,705 genes were predicted, of which 6,592 are protein-coding. Of these protein-
coding genes, 5,169 genes were assigned to a putative function with the remaining 1,423 
genes annotated as hypothetical proteins. Other genome properties are summarized in 
Tables 3 and 4. 
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Table 3. Genome Statistics 
Attribute Value % of totala 
Genome size (bp) 7085377 100.00% 
DNA coding (bp) 6186117 87.31% 
DNA G+C (bp) 3155934 44.54% 
DNA scaffolds 14 100% 
Total genes 6705 100.00% 
Protein-coding genes 6592 98.31% 
RNA genes 113 1.69% 
Pseudo genes 196 2.92% 
Genes in internal clusters 5153 76.85% 
Genes with function prediction 5196 77.09% 
Genes assigned to COGs 4968 74.09% 
Genes with Pfam domains 5264 78.51% 
Genes with signal peptides 366 5.46% 
Genes with transmembrane helices 1555 23.19% 
CRISPR repeats 1 00.00% 
a) The total is based on either the size of the genome in base pairs or the total 
number of protein coding genes in the annotated genome. 
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Table 4. Number of genes associated with the 25 general COG functional categories 
Code Value 
%age of 
totala 
Description 
J 186   3.40% Translation, ribosomal structure and biogenesis 
A  -  - RNA processing and modification 
K 568 10.38% Transcription 
L 370 6.76% Replication, recombination and repair 
B 2 0.04%  Chromatin structure and dynamics 
D 43  0.79% Cell cycle control, Cell division, chromosome 
partitioning  
V 106 1.94% Defense mechanisms 
T 344 6.29%  Signal transduction mechanisms 
M  240 4.39% Cell wall/membrane biogenesis 
N  71 1.30%  Cell motility 
U  52 0.95%  Intracellular trafficking and secretion 
O  128 2.34% Posttranslational modification, protein turnover, 
chaperones 
C  269 4.92% Energy production and conversion 
G  885 16.17%  Carbohydrate transport and metabolism 
E  490 8.95% Amino acid transport and metabolism 
F  115 2.10% Nucleotide transport and metabolism 
H  157 2.87% Coenzyme transport and metabolism 
I  78 1.43%  Lipid transport and metabolism 
P  331 6.05%  Inorganic ion transport and metabolism 
Q  64 1.17%  Secondary metabolites biosynthesis, transport and 
catabolism 
R  623 11.39%  General function prediction only 
S  350 6.40%  Function unknown 
-  1737 25.91%  Not in COGs 
a) The total is based on the total number of protein coding genes in the annotated 
genome. 
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2.6 Insights from the genome sequence 
One of the best characterized O-demethylase systems is from Moorella 
thermoacetica, also in the Class Clostridia. M. thermoacetica has a three-component 
system comprised of the proteins MtvA, MtvB, and MtvC (Naidu and Ragsdale, 2001). 
MtvA transfers the methyl group from the substrate to MtvC, which then is demethylated 
by MtvB. MtvB then transfers the methyl group onto tetrahydrafolate, from which it can 
be used to synthesize methionine from homocysteine or to produce acetate. In the article 
describing this system, the N-terminal sequences of MtvA and MtvC were published, but 
no sequence information for MtvB was given (Naidu and Ragsdale, 2001). We located 
mtvA and mtvC in the M. thermoacetica genome by querying the N-terminal amino acid 
sequences using BLASTP in IMG (Pierce et al., 2008). The MtvA N-terminal sequence 
matched MTYDRAFT_02394 (pfam00809/pterin-binding domain; KO term: metH); the 
MtvC hit belonged to MTYDRAFT_02391 (pfam02607 and pfam02310, both B12 
binding domains; KO term: metH). We used the pfam domains from these proteins to 
search for the matching proteins in C. methoxybenzovorans’s genome; interestingly, all 
three pfam domains were annotated within one C. methoxybenzovorans gene 
(H204DRAFT_2580), along with an additional S-methyl transferase domain 
(pfam02574) (Fig. 5). The H204DRAFT_2580 KEGG orthology (KO) term is also MetH, 
cobalamin dependent methionine synthase. Although no sequencing information was 
published for the third protein, MtvB, in M. thermoacetica, just upstream of 
H204DRAFT_2580 in C. methoxybenzovorans’s genome, there is a gene annotated as 
5,10-methylenetetrahydroflate reductase (MetF/MTHFR), followed by a gene annotated 
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as a methionine synthase activation domain. Together, MetF and MetH transfer methyl 
groups during methionine biosynthesis (Blanco et al., 1998; Rodionov et al., 2004). In 
Sphingomonos paucimobilis SYK-6, a metF deletion was sufficient to inhibit growth on 
syringic acid and vanillic acid (Sonoki et al., 2002), coinciding with a buildup of methyl-
tetrahydrofolate. It seems likely that MtvB is MetF, in C. methoxybenzovorans (Fig. 5). 
Figure 5. Syntenic map of the genes responsible for O-demethylation in Moorella 
thermoacetica and their counterparts in the C. methoxybenzovorans genome. Shared 
pfams are color-coded; dotted lines show the corresponding locations of the pfam 
domains found in mtvA and mtvC, highlighting that both genes may be encompassed 
within a single gene in C. methoxybenzovorans. Relative lengths are shown to scale. 
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While C. methoxybenzovorans has the ability to O-demethylate methoxylated aromatics, 
it likely does not use them as a 
carbon source: when comparing 
inoculated basal medium lacking 
growth substrate, there is actually 
a decrease in the maximum 
turbidity (OD600) when cultured 
with vanillic acid. On basal 
medium without substrate, C. 
methoxbenzovorans produces 
about 5mM of acetate, which 
doubles to 10mM when grown on 
5mM vanillic acid (Fig. 6). 
The O-demethylase 
pathway in M. thermoacetica is 
known to utilize CO2 (Naidu and 
Ragsdale, 2001), and since we 
could not confidently locate all 
three components in the genome, 
we tested whether addition of CO2 would enhance acetate production (Fig. 7). While 
there was no growth benefit to adding CO2, we did observe an increase in acetate 
production at and beyond 15 hours. It seems that the O-demethylase system in C. 
Figure 6. C. indolis and C. 
methoxybenzovorans growth on vanillic 
acid. 
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methoxybenzovorans functions very similarly to those in M. thermoacetica and S. 
paucimobilis and is linked to methionine synthesis (Sonoki et al., 2002). 
 
C. methoxybenzovorans’s genome 
contains two loci that encode BMC 
proteins. BMCs are proteinaceous 
organelles descendent from 
carboxysomes present in 
Cyanobacteria.  In non-photosynthetic 
bacteria BMCs are thought to be 
necessary for sequestering toxic 
intermediates and/or for increasing 
processivity of unfavorable reactions 
by concentrating reactants (Cannon et 
al., 2001; Kaplan and Reinhold, 1999; 
Penrod and Roth, 2006). There are 
several different types of BMCs, some 
capable of utilizing the nitrogen-
containing alcohols ethanolamine or 
choline while others can utilize the methyl-pentoses fucose and rhamnose (Kofoid et al., 
1999; Kuehl et al., 2014; Petit et al., 2013; Pitts et al., 2012).  
To determine which BMC types C. methoxybenzovorans encodes, we searched 
the genome for marker protein families (pfams), as described by Abdul-Rahman et al. 
Figure 7. C. methoxybenzovorans 
growth on vanillic acid with and 
without carbon dioxide. 
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2013 (AbdulRahman, 2013) and using the pfam identifiers for the choline BMC as 
detailed in Kuehl et al. 2014 (Kuehl et al., 2014). There are two putative BMC loci based 
on the prevalence of the vertex protein gene (CcmL/EutN/pfam03319), from 
H204DRAFT_2037-2057 and from H204DRAFT_3512-3526. The BMCs encoded are 
the same as in C. indolis, including a choline utilization (Cut) BMC and a completely 
novel type of BMC, as discussed by Biddle et al. 2014, which was named the CoAT 
BMC (Biddle et al., 2014). This CoAT BMC contains a few genes typically found in 
BMC operons, such as acetaldehyde dehydrogenase (pfam00171), a class IV alcohol 
dehydrogenase (pfam00465), and pduL (pfam06130), an uncharacterized protein 
involved in propanediol utilization. There is also a fucA homologue (pfam00596), which 
is present in the Grp locus responsible for fucose/rhamnose metabolism in Clostridium 
phytofermentans and close relative Clostridium sp. KNHs212. These species are in the 
same family, Lachnospiraceae, as C. methoxybenzovorans. In addition to the two 
coenzyme A transferases (H204DRAFT_3515-3516/pfam01144), there are two other 
genes unique to known BMCs: a dihydroxyacetone kinase domain gene 
(H204DRAFT_3513/pfam02733) and a dihydroxyacetone kinase phosphatase domain 
gene (H204DRAFT_3512/pfam02734). These genes are conserved in the CoAT operons 
of the close relatives C. indolis, Clostridium sp. ASB410, Clostridium sp. KNHs206, 
Clostridium aerotolerans, Clostridium saccharolyticum, and Clostridium celerecrescens. 
Dihydroxyacetone kinase is involved in glycerol degradation, substituting one of the two 
hydroxyl groups with a phosphate from ATP. 
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C. methoxybenzovorans has genes associated with metabolism of isomaltose, 
cellobiose, α- and β-xylosides, pectin, trehalose, mannose, sucrose, β-glucosides (e.g. 
salicin, esculin), α-fucosides, α-rhamnosides, arabinofuranosides, mannosylglycerate, and 
maltose/starch. It does not appear to be capable of cellulolysis. There is a pulA 
homologue (GH13), which hydrolyzes 1-6-α-glucose linkages in polysaccharides such as 
pullulan, amylodextrin, and glycogen (Kornacker and Pugsley, 1990).  
There are two encoded chitinases (EC:3.2.1.14, GH18), though enzymes in this 
class may also act as lysozymes (Ghasemi et al., 2011; Horn et al., 2006). C. 
methoxybenzovorans has transporters for N-acetylglucosamine, the monomer that makes 
up chitin and alternates with N-acetylmuramic acid in peptidoglycan. However, lysozyme 
action leads to a disaccharide of N-acetylmuramic acid and N-acetylglucosamine 
(Sharon, 1967), so the transporters suggest that the organism is able to utilize chitin as a 
carbon source.  
Table 5. Sialic acid utilization genes in C. methoxybenzovorans. 
Gene EC Number COG Number Gene locus 
sialidase      ̶ COG4692 H204DRAFT_4826 
nanA 4.3.3.1 COG0329 H204DRAFT_2093 
H204DRAFT_4229 
nanE 5.1.3.9 COG3010 H204DRAFT_2794 
H204DRAFT_5889 
nanK 2.7.1.60 COG1940                  ̶ 
nagA 3.5.1.25 COG1820 H204DRAFT_0124 
H204DRAFT_0166 
H204DRAFT_3534 
nagB 3.5.99.6 COG0363 H204DRAFT_0173 
H204DRAFT_5987 
The EC numbers, COG numbers, and locus ID in C. methoxybenzovorans are shown. We could 
find homologues for all except nanK. 
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C. methoxybenzovorans’s genome contains a sialidase (H204DRAFT_4826), as 
well as a nearly complete sialic acid utilization gene set including multiple homologues 
of nanAE and nagAB (Table 5) (Li and Chen, 2012; Vimr et al., 2004). The only gene 
without an obvious potential homologue is nanK, an ROK (Repressor, Open reading 
frame, Kinase) superfamily protein (EC 2.7.1.60). An “incomplete” pathway like this is 
not uncommon in the genetic profile of sialic acid utilizers, as the operons seem to be 
very personalized and are often missing distinct homologues of the canonical genes in 
Escherichia and Salmonella (Vimr et al., 2004). Given the sialidases and other catabolic 
enzymes encoded, it is likely that C. methoxybenzovorans is able to utilize sialic acids as 
a source of carbon and nitrogen. 
 
 The genome contains at least sixteen different PTS transporters and at least seven 
complete ABC transporters. PTS transporters (EC:2.7.1.69) encode for cellobiose, 
mannose, fructose, mannitol, ascorbate, galactitol, arbutin, trehalose, sucrose, glucose, 
maltose, D-glucosamine, β-glucosides, N-acetyl-D-glucosamine, galactosamine, 2-O-α-
mannosyl-D-glycerate, and D-glucosaminate. There are nine copies of the cellobiose PTS 
system (COG1440 and COG1447), as well as for a mannose/fructose specific PTS 
system (COG2893 and COG3444). 
The encoded ABC transporters are potentially specific for arabinooligosaccharide, 
ribose, xylose, rhamnose, methyl-galactoside, and aldouronate. Aldouronates, or aldo-
uronic acids, are polymers resulting from the acidic breakdown of glucurono-xylan, 
which is often methylated (Chow et al., 2007; Komiyama et al., 2009). These compounds 
can make up as much as ~30% of hemicellulose yet are not ubiquitously fermentable (Bi 
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et al., 2009). The genome encodes an MsmX homologue, which is a multitasking ABC 
transporter associated ATPase, known to interact with multiple oligosaccharide 
transporters(Ferreira and Sá-Nogueira, 2010). OpuBA, opuBB, and opuBC are present and 
may be choline transporters, feeding into the choline-degrading microcompartment 
(Kappes et al., 1999). 
 The original characterization of C. methoxybenzovorans by Mechichi et al. 
reported growth on cellobiose, fructose, galactose, glucose, lactose, sorbose, and sucrose 
(Mechichi et al., 1999). Of these, it is missing genes only for sorbose transport, though 
there may be uncharacterized genes responsible for this activity. There is a putative 
multiple sugar ABC transporter whose homologue is involved in transport of L-
arabinose, D-fucose, D-galactose, D-glucose, and D-xylose, though C. 
methoxybenzovorans was reported not to utilize L-arabinose, xylan, or xylose (Mechichi 
et al., 1999; Zhao and Binns, 2011). C. methoxybenzovorans is likely able to grow on 
rhamnose, mannose, and mannitol, based on transport genes, though these substrates 
were not originally tested. 
 
According to Mechichi et al., C. methoxybenzovorans is not motile (Mechichi et 
al., 1999). However, C. indolis is motile and has the same suite of flagellar genes, as do 
other motile Clostridium species. Both C. indolis and C. methoxybenzovorans are missing 
genes for FlgF (the proximal rod), FlgH (the L ring), and FlgI (the P ring), which are 
considered essential genes in the KEGG pathway for flagellar assembly(Pallen et al., 
2005). The P ring and L ring appear to interact with the outer membrane, based on 
electron micrographs of structurally Gram-negative cells (Chen et al., 2011). These 
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proteins may not have a purpose in Gram-positive bacteria since hydrophobic proteins 
would not be necessary in bacteria lacking an outer membrane. In Gram-positive cells, it 
seems likely that the flagellar hook is directly attached to the proximal rod of the basal 
body, which is integrated in the peptidoglycan of the cell wall. In support of this, electron 
micrographs of the flagellar assembly show that B. subtilis has only two rings, while E. 
coli has four. B. subtilis has the same profile of flagellar genes as C. 
methoxybenzovorans, notably lacking FlgF, FlgH, and FlgI (Kubori et al., 1997; Pallen et 
al., 2005).  
In fact, when we compared all “Clostridium” genomes in IMG, totaling 483:  
FlgF, FlgH, and FlgI were missing in every one, though many Clostridium species are 
motile. Other flagellar genes that were not present in the Clostridium genomes were 
FlhC, FlhD, FliT, FlgN, and FlgA. So, while C. methoxybenzovorans appears to be 
missing several canonical flagellar genes, this assembly is typical of Gram-positive 
bacteria.  
 
 Consistent with a motile organism, the KEGG pathway for chemotaxis is nearly 
complete. However, as with the flagellar apparatus, the chemotaxis machinery differs 
across bacterial phyla. Though the paradigm of chemotaxis is built around E. coli, most 
bacteria do not have CheZ, which is exclusively found in β and γ 
proteobacteria(Szurmant and Ordal, 2004). Both C. methoxybenzovorans and C. indolis 
are missing a homologue for CheZ (COG3143/pfam04344), a protein phosphatase that 
enhances the rate of CheY-P dephosphorylation(Bren et al., 1996; Szurmant and Ordal, 
2004). Phosphorylated CheY promotes tumbling (clockwise movement), and E. coli 
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mutants lacking CheZ are still motile, but have a tumbly phenotype (Parkinson, 1978). B. 
subtilis is still chemotactic due to a synonymous gene, FliY (Bischoff and Ordal, 1992; 
Szurmant and Ordal, 2004), which also functions as the flagellar switch responsible for 
directional changes (Szurmant et al., 2003). BLASTP was used to query the FliY amino 
acid sequence from B. subtilis (gi: 142926) against C. methoxybenzovorans’s genome, 
resulting in a 40% identity match to H204DRAFT_1262 which has hits to the domains: 
pfam01052 (surface presentation of antigens, SPOA), pfam04509 (CheC), and 
TIGR02480 (FliN). These protein domains are present in FliY as well, as described on 
UniProtKB protein knowledgebase (P24073)(Magrane and Consortium, 2011). 
C. methoxybenzovorans has twenty chemoreceptor proteins (COG0840), the 
transmembrane proteins that initiate chemotaxis based on interaction with a specific 
ligand. The N terminus/periplasmic end of the protein is highly varied, since each is 
ligand-specific (Zhulin, 2001). Genomes within the taxonomic genus of Clostridium 
contain between 1 and 85 such proteins; close relatives C. saccharolyticum, C. indolis, 
and C. celercrescens have 20, 20, and 18, respectively. Little is known about the 
specificity of these proteins, so we could not determine to which compounds the cell is 
attracted based on the sequences. Given the presence of chemotactic genes, the complete 
Gram-positive flagellar apparatus, and C. indolis’s motility, C. methoxybenzovorans 
should be motile as well, though this has not yet been observed. As such, further work is 
necessary to test for motility in C. methoxybenzovorans. 
  
C. methoxybenzovorans does not appear to have a complete citric acid cycle: 
genes encoding malate dehydrogenase, succinic dehydrogenase, and succinyl-CoA 
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synthetase are not present in the genome. Moreover, the pathway for producing acetyl-
CoA is incomplete, lacking pyruvate dehydrogenase which would convert pyruvate to 
acetyl-CoA. While missing genes may be in sequencing gaps, the same genetic profile is 
found in C. indolis.  
 
  C. methoxybenzovorans has a full suite of citrate utilization genes (citD, citE, 
citF, citG, citX, and citMHS, and putative analogues of citAB; H204DRAFT_1133-1142), 
yet its growth on citrate is impaired compared to close relatives C. sphenoides, D. 
guttoideum, and C. celerecrescens (data not shown). Closer inspection of these genes 
shows that the operon has been split by a transposase insertion between citE and citF, 
citrate lyase subunits β and α respectively. This insertion appears to interrupt the stop 
codon within citE, leading to an extra 7 amino acids at the C terminus, possibly inhibiting 
its binding to CitF and causing the observed phenotype. 
 
In the C. methoxybenzovorans characterization paper, Mechichi et al. (Mechichi 
et al., 1999) reported that tests for dissimilatory sulfur metabolism, including reduction of 
sulfate, sulfite, and thiosulfate, were all negative. However, C. methoxybenzovorans has 
genes linked to assimilatory and dissimilatory sulfate reduction.  Import of sulfate into 
the cytoplasm via an ABC transporter (CysPUWA/H204DRAFT_5788-5791), production 
of 5’-adenylylsulfate (APS) from sulfate and AMP (CysND/H204DRAFT_5780-5781), 
and production of sulfite and AMP from APS (CysH/H204DRAFT_0838, 
AprAB/H204DRAFT_5782-5783) can be easily accounted for based on C. 
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methoxybenzovorans’s genes (Bradley et al., 2011). However, the KEGG pathway did 
not map a homologue for sulfite reductases, which would catalyze the final reduction of 
sulfite to sulfide.  
Since most of the sulfate reduction genes are near each other in the genome, it 
seemed possible that they may be in a single operon. So, we scanned the flanking genes 
and found one (H205DRAFT_5778) annotated as a dissimilatory sulfite reductase 
(desulfoviridin AB), which is not included in the KEGG pathway for sulfur metabolism. 
This enzyme catalyzes the reduction of sulfite to sulfide. To double check the annotation 
of this gene, we retrieved the amino acid sequence for desulfoviridin from its host, 
Desulfovibrio desulfuricans (F461DRAFT_02952) and used TBLASTN to locate 
homologues in C. methoxybenzovorans. The best hit was H205DRAFT_5778; both are 
called as COG2221. C. indolis is characterized as producing H2S (McClung et al., 1957) 
and has an identical dissimilatory sulfite reductase. The genes just upstream of 
H205DRAFT_5778 are cysteine synthase and o-acetylhomoserine sulfhydrylase, both 
involved in biosynthesis of the sulfur-containing amino acids methionine and cysteine. 
Additionally, the C. methoxybenzovorans genome encodes a putative sulfurtransferase 
(EC 2.8.1.1/H204DRAFT_4209) responsible for reducing thiosulfate to sulfite.  
 
 The KEGG pathway map indicates an inability to produce tyrosine and 
phenylalanine, due to lack of a transaminase (EC 2.6.1.5) that would catalyze the 
amination of the carbonyl in phenylpyruvate or 4-hydroxypyruvate to produce 
phenylalanine or tyrosine, respectively. Yet, in vitro, C. methoxybenzovorans grows well 
on minimal media, with the only amino acid source present being cysteine, a reducing 
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agent for anaerobic media. The organism took slightly longer to grow than it did on rich 
media, but ultimately reached an absorbance of ~1.2 (optical density at 600nm) (data not 
shown). The enzymes catalyzing this reaction are known to have broad specificities, and 
the genome contains an aspartate transaminase (EC 2.6.1.1) that could also function on 
tyrosine, phenylalanine, and tryptophan (Artimo et al., 2012). According to its genome, it 
is also a selenocysteine synthesizer, encoding selenophosphate synthase 
(H204DRAFT_5628) and L-seryl-tRNA selenium transferase (H205DRAFT_5619). 
The genome encodes ABC transporters for lysine, methionine, glutamine, and 
branched amino acid uptake.  The support for cystine transport is ambiguous: the ABC 
transport system is lacking tcyJ, similar to tcyK, which is present. The amino acid 
sequences for these two proteins are 57% identical, but each’s specificity is unknown, so 
it is not known how this affects transport (Burguière et al., 2004). 
 
The genome seems to encode pathways for synthesis of nucleotides from amino 
acids, except for thymine. This may be one reason that yeast extract is required for 
growth. 
2.7 Conclusions  
 C. methoxybenzovorans is an interesting microbe with a varied metabolism, 
probably capable of sulfate reduction, transformation of lignin/lignan compounds via O-
demethylation, and utilization of a wide array of carbohydrates. Anaerobic respiration of 
sulfur compounds likely enhances the growth rate of this organism, while its broad 
substrate repertoire, which includes rare or difficult to degrade molecules, like trehalose, 
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lignin derivatives, and aldouronic acids, provides it with a competitive advantage. The 
ability to degrade these ubiquitous plant-derived molecules makes C. 
methoxybenzovorans a potential asset within a bioprocessing consortium, given that it 
produces acetate, CO2, and H2 as major endproducts. 
While these attributes benefit a soil-dwelling C. methoxybenzovorans, they may 
also provide a competitive advantage in a gut system. It has the ability to utilize sialic 
acid residues and conjugated sugars (e.g. fucosides and galactosides), which are 
presented on mucins which line the gut, acting as endogenous prebiotics that shape the 
microflora (Pacheco et al., 2012; Stahl et al., 2011; Tailford et al., 2015; Vimr et al., 
2004). C. methoxybenzovorans has been shown to aid in the conversion of the 
phytoestrogen secoisolariciresinol (SECO) to the mammalian lignans enterodiol (END) 
and enterolactone (ENL) and to produce caffeic acid from ferulic acid (Chamkha et al., 
2001; Micard et al., 2002) through its O-demethylation activity. Flavones with more 
hydroxyl groups (produced by O-demethylation) are more potent inhibitors of 
mutagenesis that can initiate cancer (Arroo et al., 2014). These polymethoxylated 
flavones have also been shown to be selectively cytostatic and apoptotic in breast cancer 
cells and to lessen the risk for acute coronary events (Arroo et al., 2014; Mabrok et al., 
2012; Peterson et al., 2010; Vanharanta et al., 1999). These traits may make C. 
methoxybenzovorans attractive as a probiotic accompanied by a high lignan diet. 
2.8 Taxonomic and nomenclatural proposals 
 Given the great similarity (~99.36%) between the published representative 16S 
rDNA sequences (in RDP) of C. indolis and C. methoxybenzovorans, we built a 
phylogenetic tree with all six copies of the 16S rRNA gene from both genomes (Fig. 8). 
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Two of the copies are identical to each other, while the other four copies have no exact 
match in the other organism. It is interesting to note that neither of the published 
sequences exactly matches any of the genomic copies, with signals from heterogeneous 
amplicons used in the original Sanger sequencing leading to a sequencing-based chimera 
or with physical chimeras forming during PCR amplification of the 16S rRNA gene.  
 
 
Figure 8. Phylogenetic tree of all copies of the 16S rRNA gene in C. indolis and C. 
methoxybenzovorans, with reference sequences taken from the RDP (Cole et al., 2009). 
Clostridium saccharolyticum 16S rDNA sequences were used as the outgroup. Numbers 
preceding the taxa name are the gene numbers in IMG. The evolutionary history was 
inferred by using the Maximum Likelihood method based on the General Time 
Reversible model80. The tree with the highest log likelihood (-2263.7911) is shown. The 
percentage of trees in which the associated taxa clustered together is shown next to the 
branches. Initial tree(s) for the heuristic search were obtained automatically by applying 
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the 
Maximum Composite Likelihood (MCL) approach, and then selecting the topology with 
superior log likelihood value. A discrete Gamma distribution was used to model 
evolutionary rate differences among sites (5 categories (+G, parameter = 0.0500)). The 
rate variation model allowed for some sites to be evolutionarily invariable ([+I], 2.1033% 
sites). The tree is drawn to scale, with branch lengths measured in the number of 
substitutions per site. The analysis involved 20 nucleotide sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 1413 positions in 
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the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura K et al., 
2013, p. 6). 
 
We then compared the genome of C. methoxybenzovorans to C. indolis in order to 
obtain better resolution than is possible with a lone marker gene. We determined the ANI 
shared between the two taxa (Goris et al., 2007) and also employed the DSMZ’s 
GGDC(Meier-Kolthoff et al., 2013a) to understand their whole genome similarity. The 
ANI values were consistently ~99.5% between C. indolis and C. methoxybenzovorans 
regardless of method (Table 6). Based on the DSMZ’s GGDC, the estimated DNA-DNA 
hybridization values were between 82.00% and 94.50% (Table 7), which are well above 
the traditional 70% species delineation cut-off. 
 
Table 6. Average Nucleotide Identity between C. indolis and C. 
methoxybenzovorans 
1-Way ANI 1 1-Way ANI 2 2-Way ANI 
99.46% 99.45% 99.53% 
Calculated using the method published by Goris et al. 2007(Goris et al., 2007) with the 
online tool developed by the Konstantinidis group(“Kostas lab | ANI calculator,” n.d.). 
Values above ~95% identity suggest the two organisms are the same species. 
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A pairwise BLASTP comparison was performed on the predicted genes in C. indolis and 
C. methoxybenzovorans. Of genes binned into a COG category, there were 600 without 
homologues in one or the other genome; 236 unique genes in C. indolis and 364 in C. 
methoxybenzovorans. Many are explicitly phage-related, encoding phage holins, Pin-like 
DNA invertases, reverse transcriptases, and transposases. Many others are involved in 
transcription (transcription factors, helicases, polymerases, and recombinases), which 
may also be phage-encoded. It is difficult to tell whether these genes confer a phenotypic 
difference between these organisms, especially given the lack of comparable phenotypic 
data.  
Table 7. GGDC values for C. indolis and C. methoxybenzovorans. 
Method: 
HSP length / 
total length 
identities / HSP 
length 
identities / total length 
DDH Estimate  82.00% +/- 3.59  94.50% +/- 1.48  87.00% +/- 2.79 
Probability Same 
Species  92.89%  97.09%  98.88% 
Probability Same 
Subspecies  67.68%  72.08%  78.49% 
Each genome was uploaded onto the DSMZ’s Genome-to-Genome Distance Calculator 
website, which mimics DNA-DNA hybridization (DDH) in silico(Meier-Kolthoff et al., 
2013b). A 70% hybridization value is the lower limit for two organisms to be considered 
the same species; a value of 79% is the lower limit for grouping into the same subspecies. 
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Neither organism’s namesake biochemistry is unique to it: C. 
methoxybenzovorans’s genome contains a tryptophanase gene (H204DRAFT_1573) and 
produces indole in culture (data not shown), the compound which conferred C. indolis its 
name. And when C. indolis was inoculated alongside C. methoxybenzovorans in basal 
media supplemented with 5mM vanillic acid, the two strains’ growth rates and maxima 
were indistinguishable, as well as their production of acetate (Fig. 6). C. indolis and C. 
methoxybenzovorans produce the same fermentation products: ethanol, acetate, formate, 
and butyrate (McClung et al., 1957; Mechichi et al., 1999). As mentioned above C. 
indolis and C. methoxybenzovorans, have the same genetic profile for systems about 
which the phenotypic characterizations disagree, including motility and sulfur reduction. 
Many other phenotypes are not comparable due to lack of data on one or the other 
organism, including utilization of certain sugars (sorbose, sucrose, galactose, fructose, 
etc.), pH range for growth, and growth on proteins/amino acids. 
Based on genomic, phylogenetic, and phenotypic considerations, and given that 
C. indolis was characterized prior to C. methoxybenzovorans, C. methoxybenzovorans is a 
later heterotype of C. indolis. 
Genome sequencing of other taxa from the same phylogenetic group (Clostridium 
sphenoides, Desfulfotomaculum guttoideum, and Clostridium celerecrescens) from the 
same phylogenetic group is currently underway. Genomic characterization of these 
species is likely to shed light on their shared evolutionary history, physiologies, and 
commonalities of the roles they play in their environments.  
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CHAPTER 3 
 
RECLASSIFICATION OF THE CLOSTRIDIUM CLOSTRIDIOFORME AND 
CLOSTRIDIUM SPHENOIDES GROUPS AS ENTEROCLOSTER, GEN. NOV., and 
LACRIFORMIX, GEN. NOV., INCLUDING RECLASSIFICATION OF FIFTEEN 
TAXA 
 
3.1 Abstract 
 The taxonomy and phylogeny of the genus Clostridium are at odds, with 
representatives crossing several families and even into a different phylum. While this 
issue is well-known within the field, formal revision requires systematic studies of the 
individual misclassified taxa. Motivated by recently completed genome sequences, here 
we propose reclassification of two separate clades that include misclassified Clostridium 
species which phylogenetically lie within Lachnospiraceae family, now known for being 
benign members of human and animal gut microbiomes and for their plant-degrading 
capabilities. We use several phylogenetic perspectives as well as phenotypic comparisons 
to gain insight into the evolutionary history of these taxa and support for their 
reclassification. One clade which includes Clostridium clostridioforme, Clostridium 
bolteae, Clostridium lavalense, Clostridium asparagiforme, Clostridium aldenense, and 
Clostridium citroniae we propose to reclassify as Enterocloster, gen. nov., and 
reclassification of the species as Enterocloster clostridioforme, comb. nov., Enterocloster 
bolteae, comb. nov., Enterocloster lavalense, comb. nov., Enterocloster asparagiforme, 
comb. nov., Enterocloster aldenense, comb. nov., and Enterocloster citroniae, comb. 
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nov. The other clade comprises Clostridium sphenoides, Clostridium indolis, Clostridium 
saccharolyticum, Clostridium celerecrescens, Clostridium aerotolerans, Clostridium 
xylanolyticum, Clostridium algidixylanolyticum, Clostridium amygdalinum, and 
Desulfotomaculum guttoideum, and we propose to reclassify as Lacriformis, gen. nov., 
including reclassification of the members as Lacriformis indolis, comb. nov., Lacriformis 
sphenoides, comb. nov., Lacriformis saccharolyticum, comb. nov., Lacriformis 
celerecrescens, comb. nov., Lacriformis aerotolerans, comb. nov., Lacriformis 
xylanolyticum, comb. nov., Lacriformis algidixylanolyticum, comb. nov., Lacriformis 
amygdalinum, comb. nov., and Lacriformis guttoideum, comb. nov.  
 
3.2 Introduction 
 Though the first Lachnospiraceae was isolated from human feces (Tissier, 1908), 
many members were subsequently isolated from rumens or other animals  (Berkhoff, 
1985; Bryant, 1959; Bryant et al., 1958a, 1958b, Bryant and Small, 1956a, 1956b; Cai 
and Dong, 2010; Greening and Leedle, 1989; Gylswyk, 1980; Gylswyk and Toorn, 1987, 
1985; Kotsyurbenko et al., 1995; Varel et al., 1995). Renewed interest in the human gut 
microbiome over the last decade has led to the isolation and description of about half of 
the taxa currently in the Lachnospiraceae  (Amir et al., 2014; Broda et al., 2000; Cai and 
Dong, 2010; Carlier et al., 2007, 2004; Clavel et al., 2007; Cook et al., 2007; Cotta et al., 
2009; Domingo et al., 2009; Downes et al., 2002; Duncan et al., 2006, 2002; Eeckhaut et 
al., 2010; Furuya et al., 2010; Hedberg et al., 2012; Jeong et al., 2004; Kaur et al., 2014; 
Kim et al., 2011; Kitahara et al., 2000; Klaring et al., 2015; Kopečný et al., 2003, 2003; 
Liu et al., 2008; Lomans et al., 2001; Mohan et al., 2006; Park et al., 2013; Parshina et 
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al., 2003; Sakuma K et al., 2006; Schwiertz et al., 2002; Song et al., 2003; Steer et al., 
2001; Taras et al., 2002; Warnick et al., 2002; Warren et al., 2006; Whitehead et al., 
2004; Whitford et al., 2001; Wielen et al., 2002; Wolin et al., 2003). Approximately 10-
30% of the average human gut microbiome is composed of Lachnospiraceae (Eckburg, 
2005; Ross et al., 2015), with butyrate producers like Roseburia spp. gaining attention for 
their role in attenuating and preventing colon cancer (Encarnação et al., 2015; Louis et 
al., 2007). 
Prior to the creation of the Family Lachnospiraceae, this large group was known 
as Clostridium cluster XIVa, due to the large number of misclassified Clostridium species 
(Collins et al., 1994). These taxa make up a significant portion of the phylogenetic 
breadth of within the family, though they are taxonomically still included in the 
Clostridiaceae. It has been clear for the past two decades that Clostridium species that 
fall outside the Clostridium sensu stricto genus are in need of reclassification (Collins et 
al., 1994; Lawson and Rainey, 2016; Stackebrandt et al., 1999; Yutin and Galperin, 
2013), and now with the interest in the human microbiome and attempts to isolate and 
characterize these novel taxa, this task is increasingly relevant. To enhance the visibility 
and accessibility of this group of Clostridia, we aim to untangle the taxonomy and 
phylogeny of a large group of misclassified taxa which phylogenetically belong to the 
Lachnospiraceae. 
Based on 16S rRNA gene phylogeny, there are three main subclades within the 
Lachnospiraceae comprising misclassified Clostridium spp., 1) one containing 
Clostridium phytofermentans, Clostridium populeti, Clostridium polysacchrolyticum, and 
Clostridium herbivorans, and the recently proposed genus Anaerocolumna (previously 
45 
 
Clostridium xylanovorans, Clostridium aminovalericum, and Clostridium jejuense) 2) 
another containing Clostridium clostridioforme, Clostridium bolteae, Clostridium 
citroniae, Clostridium asparagiforme, Clostridium lavalense, and Clostridium aldenense, 
and 3) a third containing Clostridium xylanolyticum, Clostridium indolis, Clostridium 
saccharolyticum, Clostridium celerecrescens, Clostridium amygdalinum, Clostridium 
algidixylanolyticum, Clostridium aerotolerans, Clostridium sphenoides, and 
Desulfotomaculum guttoideum. Together these subclades comprise two-thirds of the 
Clostridium species in the Lachnospiraceae, with the remaining taxa interspersed 
throughout the family or in the deep-branching clade previously known as Cluster XIVb 
(Collins et al., 1994) or Tyzzerella (Yutin and Galperin, 2013). Recent genomic 
sequencing of many type strains within the C. sphenoides and C. clostridioforme (groups 
2 and 3, above) clades have made higher resolution comparisons possible in order to 
better classify these taxa.  
 
3.3 Results and Discussion 
The C. clostridioforme and C. sphenoides groups are closely related but 16S 
rRNA gene based phylogenies place these two groups in two clades, separated by deeper-
branching outliers (Figs. 9-10), two of which have already been placed in a novel genus 
(Hungatella) (Kaur et al., 2014). The general arrangement of the clades is conserved 
between the neighbor-joining and maximum likelihood topologies of the Family, though 
there are slight differences in intraclade placements. Using 16S rRNA gene reference 
sequences as a phylogenetic marker, distances within the C. sphenoides group range from 
0.00% to 2.56% and within the C. clostridioforme group from 0.61% to 2.67%.  
46 
 
Figure 9. Neighbor-joining phylogeny using the 16S rRNA gene. The optimal tree 
with the sum of branch length = 2.37671466 is shown. The fraction of replicate trees in 
which the associated taxa clustered together in the bootstrap test (500 replicates) are 
shown next to the branches (Saitou and Nei, 1987). The tree is drawn to scale, with 
branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Maximum 
Composite Likelihood method (Tamura et al., 2004) and are in the units of the number of 
base substitutions per site. The rate variation among sites was modeled with a gamma 
distribution (shape parameter = 4). The analysis involved 104 nucleotide sequences. All 
positions containing gaps and missing data were eliminated. There were a total of 994 
positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura 
K et al., 2013, p. 6). 
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Figure 10. Maximum likelihood phylogeny using the 16S rRNA gene. The 
evolutionary history was inferred by using the Maximum Likelihood method based on the 
General Time Reversible model (Nei and Kumar, 2000). The tree with the highest log 
likelihood (-13657.8444) is shown. The percentage of trees in which the associated taxa 
clustered together is shown next to the branches. Initial tree(s) for the heuristic search 
were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix 
of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 
approach, and then selecting the topology with superior log likelihood value. A discrete 
Gamma distribution was used to model evolutionary rate differences among sites (4 
categories (+G, parameter = 0.6055)). The rate variation model allowed for some sites to 
be evolutionarily invariable ([+I], 61.7054% sites). The tree is drawn to scale, with 
branch lengths measured in the number of substitutions per site. The analysis involved 
104 nucleotide sequences. All positions containing gaps and missing data were 
eliminated. There were a total of 994 positions in the final dataset. Evolutionary analyses 
were conducted in MEGA6 (Tamura K et al., 2013). 
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The distances between these two groups (3.95% to 5.49%) are typical of a single 
genus within the Lachnospiraceae, rather than disparate genera. 
To test the robustness of these relationships, we developed phylogenies with the 
rpoB gene (Fig. 11) and with a concatenation of 21 conserved single-copy genes (Lang et 
al., 2013) (Fig. 12) for greater resolution.  C. xylanolyticum, C. amygdalinum, C. 
algidixylanolyticum, and D. guttoideum lack genome sequences and thus were not 
included in the analysis. The results are generally congruent with the 16S rRNA 
phylogeny (excepting a few differences in branching order within the groups) with 
separate clades corresponding to the two groups, and C. symbiosum being the last 
common ancestor for both species groups as well as Hungatella. 
These higher resolution phylogenies hinted at genomic differences that are not 
reflected in the very low 16S rRNA interspecies distances. To gain a better perspective 
on whole genome similarity, we performed BLAST-based ANI (ANIb) analyses (Goris et 
al., 2007; Richter et al., 2015) (Table 8). Resulting ANI values below 95% (equivalent to 
70% DDH) support the delineation of these taxa as separate species, even those that are 
less than 1% apart based on the 16S rRNA gene. Between clades, the genomes are very 
dissimilar, with values often falling below the effective limit (~70% ANI) of this method 
(Goris et al., 2007). Compounding these low similarity values are even smaller fractions 
of the genomes that could be aligned, denoting large genome coding/content differences. 
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Figure 11. rpoβ gene based phylogeny. The evolutionary history was inferred by using 
the Maximum Likelihood method based on the General Time Reversible model (Nei and 
Kumar, 2000). The tree with the highest log likelihood (-95530.9770) is shown. The 
percentage of trees in which the associated taxa clustered together is shown next to the 
branches. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated using the Maximum 
Composite Likelihood (MCL) approach. A discrete Gamma distribution was used to 
model evolutionary rate differences among sites (4 categories (4 categories (+G, 
parameter = 0.7955)). The rate variation model allowed for some sites to be 
evolutionarily invariable ([+I], 28.9117% sites). The tree is drawn to scale, with branch 
lengths measured in the number of substitutions per site. The analysis involved 65 
nucleotide sequences. All positions containing gaps and missing data were eliminated. 
There were a total of 2874 positions in the final dataset. Evolutionary analyses were 
conducted in MEGA6 (Tamura K et al., 2013). 
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Figure 12. Lachnospiraceae phylogeny based on concatenated alignment of 21 
single-copy marker genes. Genomes of Lachnospiraceae type species were curated to a 
set of 65. Due to multiple marker genes missing, two genomes were excluded. Two genes 
were left out of the analysis, since they were not present in several of our genomes of 
interest, leading to 22 rather than 24 genes being used (Lang et al., 2013). Each gene set 
was aligned separately in MEGA6 using ClustalW1.6 (Larkin et al., 2007; Tamura K et 
al., 2013), before concatenating all alignments. The phylogeny was built using the 
Maximum Likelihood method and the General Time Reversible (GTR) model in MEGA6 
with 500 bootstrap replicates (Nei and Kumar, 2000). Initial tree(s) for the heuristic 
search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a 
matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) 
approach, and then selecting the topology with superior log likelihood value (-
427761.6396). A discrete Gamma distribution was used to model evolutionary rate 
differences among sites (4 categories (+G, parameter = 0.7351)). The rate variation 
model allowed for some sites to be evolutionarily invariable ([+I], 25.0146% sites). 
Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps 
and missing data were eliminated. There were a total of 12714 positions in the final 
dataset. 
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The species groups can also be separated based on G + C content. The C. 
sphenoides group has G + C content ranging from 42 mol% to 45 mol%, with the deepest 
branch being a taxonomically distinct genus: Hungatella, the type species hathewayi 
containing 49 mol% G + C. The C. clostridioforme group’s G + C content ranges from 49 
mol% to 56 mol%, with another deeper branching relative, Clostridium symbiosum, 
containing 48 mol% G + C.  
Beyond genomic differences, there are phenotypic and ecologic features that aid 
in differentiating one clade from the other. Based on the isolation source for type strains, 
the C. sphenoides group is mainly plant/soil associated while the C. clostridioforme 
group are often implicated in human disease (Table S1). C. aldenense and C. citroniae 
were isolated from human peritoneal fluid; C. lavalense, C. asparagiforme, and C. 
bolteae were isolated from human feces. And while the type species of the group C. 
clostridioforme was originally isolated from calf rumen, it has more recently and more 
often been discovered in various human clinical specimens based on 16S rRNA datasets 
and literature searches.  
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 Butyrate production and spore-formation have been proposed as indicators for 
gut-association within the Lachnospiraceae (Meehan and Beiko, 2014).  Fermentation 
product data is missing for some members of the C. clostridioforme group, but none of 
those with product data have been shown to produce butyrate. This endproduct, however, 
is related to the carbon source provided, and these taxa were generally maintained on 
blood agar plates which may not provide appropriate feedstocks for butyrate production 
(Duncan et al., 2004; Encarnação et al., 2015; Falony et al., 2006; Van den Abbeele et al., 
2013). In contrast, most of the C. sphenoides organisms have been shown to produce 
butyrate. We screened all available genomes from both groups in order to determine 
butyrate producing capability, using the marker genes from the four validated common 
pathways used by Vital et. al (Vital et al., 2014). Only C. saccharolyticum (a member of 
the C. sphenoides group) and C. asparagiforme (a member of the C. clostridioforme 
group) lack all four butyrate pathways. Interestingly, the C. sphenoides group (four of 
five genomes) contained only the 4-aminobuyrate pathway, while the C. clostridioforme 
group (three of four genomes) contained only the acetyl-CoA pathway. While butyrate 
production has been linked to gut inhabitance (Meehan and Beiko, 2014), which pathway 
is used may be a better indicator. Meehan and Beiko’s work focused on only the acetyl-
CoA pathway for butyrate formation, using the final enzymes (butyrate kinase or butyryl-
CoA:acetyl-CoA transferase) as proxies. While this is the most common pathway to 
butyrate, there are several alternative known pathways. Vital et al. performed a large 
meta-analysis of butyrate pathways, also sifting through human fecal metagenomic data 
to assay the incidence of each pathway in the gut. Alternative pathways represented a 
very small portion of butyrate production pathways in the human gut, while the acetyl-
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CoA marker genes represented the vast majority, strengthening the evidence that the C. 
clostridioforme group members are likely to be human commensals and that the C. 
sphenoides group members are not usually human gut inhabitants. 
 Patterns in cellobiose utilization begin to emerge when comparing species 
description papers, but are not robust differentiating factors between the two groups. All 
taxa in the C. sphenoides group ferment cellobiose, whereas all of the species in the C. 
clostridioforme group do not, save for C. clostridioforme itself. Trying to tease this apart 
through genomic analysis proved no more fruitful: C. citroniae and C. clostridioforme 
both contained genes annotated as cellobiose phosphorylases. Interestingly, all HMP 
isolates of C. clostridioforme lack a cellobiose phosphorylase, suggesting this may be a 
niche-specific (e.g. rumen) characteristic for this clade. 
 A few of the characterizations of C. sphenoides group members include a note on 
or images of multilayer cell walls (Broda et al., 2000; Rogers and Baecker, 1991). In our 
own experience with genomic DNA extraction of these species, cell lysis necessitated a 
heat lysis step and long lysozyme incubations (~24hrs) followed by multiple freeze-
thaws, which may be explained by this cell wall structure. There are no TEM images 
from the C. clostridioforme group, so the uniqueness of this structure should be further 
explored. Based on written descriptions, both groups seem to have similar morphologies: 
fusiform rods, with slight variations in length to width proportion. In the C. sphenoides 
group, the morphology of sporulating cells is distinctive as well as mostly conserved 
among the group. Spores tend to be subterminal and swell the cell into a wedge-shaped, 
or ovate, morphology. A more rigid cell wall may be the reason for this tenting effect, 
rather than the rounded protrusion that usually accompanies spore formation. The C. 
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clostridioforme group rarely forms spores and no mention is made of oddly shaped or 
swollen cells, though growth medium may be a confounding factor in sporulation. 
The most robust differentiator is the presence or absence of a particular bacterial 
microcompartment in the genome: the CoAT microcompartment (Biddle et al., 2014). 
Only the C. sphenoides group members have this operon, and neither group’s outlier, H. 
hathewayi nor C. symbiosum, has this microcompartment. This type can most easily be 
found by locating the vertex shell gene (pfam03319) and searching genes within the 
operon for coenzyme A transferase (pfam01144), or visa versa. Unfortunately, as the 
function of this microcompartment is unknown, a simple growth-based assay is not 
currently possible. But upon elucidation, this could be a quick and uncomplicated test to 
classify isolates in a laboratory or clinical setting.  
 Given these phenotypic differences, the phylogenetic distinctness, and the C. 
clostridioforme group’s apparent role in human disease, each species group warrants a 
distinct genus classifier (Marvaud et al., 2011; Ogah et al., 2012; Pequegnat et al., 2013; 
Song et al., 2003; Warren et al., 2006; Yuli et al., 2005). We therefore propose the 
creation of two novel genera: Enterocloster, formerly the C. clostridioforme group, and 
Lacriformis, formerly the C. sphenoides group. 
 
3.4 Description of a Enterocloster, gen. nov. 
Enterocloster (Gr. n. enteron, intestine Gr. n. klôstêr, spindle, referring to these fusiform 
rods which inhabit the human gut) refers to a genus of anaerobic fusiform rods which are 
able to but rarely do form spores. They appear to be nonproteolytic, utilizing simple 
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carbohydrates for growth. They commonly inhabit the human gut and possibly 
opportunistic pathogens based on their presence in diseased fluids and tissues. 
 
3.5 Description of Enterocloster clostridioforme, comb. nov 
Enterocloster clostridioforme (Gr. n. klôstêr, a spindle; Gr. dim. suff. -idion; N.L. neut. 
n. clostridium, a small spindle; L. suff. -formis -is -e (from L. n. forma, figure, shape, 
appearance), -like, in the shape of; N.L. neut. adj.clostridioforme, in the form of a small 
spindle, spindle-shaped) (“LPSN - List of Prokaryotic names with Standing in 
Nomenclature,” n.d.) 
Basonym: Clostridium clostridioforme 
Other synonym: Eggerthella clostridiiformis;  Ristella clostridiiformis; Bacteroides 
clostridiiformis  
The description of Enterocloster clostridioforme is identical to that for Clostridium 
clostridioforme (Bryant et al., 1958a; Kaneuchi et al., 1976). The type strain is ATCC 
25537T (DSM 933T; JCM 1291T) (Kaneuchi et al., 1976). 
 
3.6 Description of Enterocloster aldenense, comb. nov. Enterocloster aldenense 
(Al.de.nenˊse. N.L. neut. adj. aldenense, pertaining to R. M. Alden Research Laboratory 
and its first patron, Rose M. Alden Goldstein) (Warren et al., 2006) 
Basonym: Clostridium aldenense 
The description of Enterocloster aldenense is identical to that of Clostridium aldenense. 
The type strain is RMA 9741T (ATCC BAA-1318T; CCUG 52204T) (Warren et al., 
2006). 
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3.7 Description of Enterocloster asparagiforme, comb. nov. Enterocloster 
asparagiforme (as.pa.ra.gi.for’ me. L. masc.n. asparagus asparagus, L. neut. suffix -forme 
having the shape of, N.L. neut. adj. asparagiforme having the shape of asparagus stems) 
(Mohan et al., 2006) 
Basonym: Clostridium asparagiforme 
The description of Enterocloster asparaagiforme is identical to the one proposed for 
Clostridium asparagiforme. The type strain is N6T (DSM 15981T; CCUG 48471T) 
(Mohan et al., 2006). 
 
3.8 Description of Enterocloster bolteae, comb. nov Enterocloster bolteae (boltˊā.e, to 
honour the American Ellen Bolte who first proposed a bacterial role in late onset autism 
and stimulated our work in this area) (Song et al., 2003) 
Basonym: Clostridium bolteae 
The description of Enterocloster bolteae is identical to the description of Clostridium 
bolteae. The type strain is WAL 16351T (ATCC BAA-613T; CCUG 46953T) (Song et al., 
2003). 
 
3.9 Description of Enterocloster citroniae, comb. nov. Enterocloster citroniae 
(Ci.troˊni.i. N.L. gen. n. citronii, named after Diane M. Citron for numerous contributions 
to clinical anaerobic bacteriology as a clinical microbiologist and educator) (Warren et 
al., 2006)  
Basonym: Enterocloster citroniae 
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The description for Enterocloster citroniae is identical to that of Clostridium citroniae. 
The type strain of C. citroniae is RMA 16102T (ATCC BAA-1317T; CCUG 52203T) 
(Warren et al., 2006). 
 
3.10 Description of Enterocloster lavalense, comb. nov Enterocloster lavalense 
(la.va.lenˊse. N.L. neut. adj. lavalense pertaining to the institution, Université Laval, 
Québec, Canada) (Domingo et al., 2009) 
Basonym: Clostridium lavalense 
The description for Enterocloster lavalense is identical to that of Clostridium lavalense. 
The type strain is CCRI-9842T (CCUG 54291T; JCM 14986T; NML 03-A-015T) 
(Domingo et al., 2009). 
 
3.11 Description of Lacriformis, gen. nov. 
Lacriformis (la.cri.forˊmĭs L. n.lacrima tear; L.n. formis shape, tear-shaped) is a genus of 
structurally Gram positive, spore-forming anaerobes, becoming characteristically 
teardrop or wedge shaped upon endospore development. They commonly stain Gram 
negative, though they often have thick multi-layered cells walls. Anaerobic respiration of 
sulfurous compounds is common, though none are able to reduce sulfate. The CoAT 
microcompartment locus is unique to this group of organisms (Biddle et al., 2014). The 
type species of the genus is Lacriformis sphenoides, originally described in 1917 by 
Douglas and Hall (Douglas et al., 1917). 
 
3.12 Description of Lacriformis sphenoides, comb. nov.  
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Lacriformis sphenoides (Gr. n. sphên sphênos, wedge; L. suff. -oides (from Gr. suff. 
eides, from Gr. n. eidos, that which is seen, form, shape, figure), ressembling, similar; 
N.L. neut. adj. sphenoides, wedge-shaped.) 
Basonym: Clostridium sphenoides 
Synonyms: Bacillus sphenoides Douglas 1917, Douglasillus sphenoides Heller 1922, 
Plectridium sphenoides Prévot 1938 
The description for Lacriformis sphenoides is identical to that of Clostridium sphenoides 
(Douglas et al., 1917; Hall, 1922; McClung et al., 1957; Walther et al., 1977). The type 
strain is ThorlbyT (ATCC 19403T; DSM 632T; NCIB 10627T; NCTC 507T). Lacriformis 
sphenoides is the type species of the genus. 
 
3.13 Description of Lacriformis aerotolerans, comb. nov.  
Lacriformis aerotolerans (Gr. n. aer aeros, air, gas; L. part. adj. tolerans, tolerating; N.L. 
part. adj. aerotolerans, air-tolerating) 
Basonym: Clostridium aerotolerans 
The description for Lacriformis aerotolerans is identical to that of Clostridium 
aerotolerans (Gylswyk and Toorn, 1987). The type strain is XSA62T (ATCC 43524T; 
DSM 5434T). 
 
3.14 Description of Lacriformis algidixylanolyticum, comb. nov.  
Lacriformis algidixylanolyticum (al.gi.di.xy.la.no.lyˊti.cum. L. adj. algidus cold; Gr. 
derived L. masc. n. xylanum xylan; Gr. adj. lyticus dissolving; L. neut. gen. n. 
algidixylanolyticum cold xylan-dissolving) (Broda et al., 2000) 
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Basonym: Clostridium algidixylanolyticum 
The description for Lacriformis algidixylanolyticum is identical to that of Clostridium 
algidixylanolyticum (Broda et al., 2000). The type strain is SPL73T (DSM 12273T; ATCC 
BAA-156T). 
 
3.15 Description of Lacriformis amygdalinum, comb. nov.  
Lacriformis amygdalinum (a.myg.da.liˊnum. L. neut. adj. amygdalinum made from 
almonds, referring to the smell of benzaldehyde, which is reduced by the type 
strain)(Parshina et al., 2003) 
Basonym: Clostridium amygdalinum 
The description for Lacriformis amygdalinum is identical to that of Clostridium 
amygdalinum (Parshina et al., 2003). The type strain is BR-10T (DSM 12857T; ATCC 
BAA-501T). 
 
3.16 Description of Lacriformis celerecrescens, comb. nov.  
Lacriformis celerecrescens (ce'le. re. cres. cens. L. adv. celere, fast; crescens, L. pres. 
part. of verb crescere, to grow; M.L. adj. celerecrescens reflecting the fast growth of the 
organism) (Palop et al., 1989) 
Basonym: Clostridium celerecrescens 
The description for Lacriformis celerecrescens is identical to that for Clostridium 
celerecrescens (Palop et al., 1989). The type strain is 18AT (CECT 954T; DSM 5628T).  
 
3.17 Description of Lacriformis guttoideum, comb. nov.  
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Lacriformis guttoideum (gut.to.iˊde.um L. fem. n. gutta drop, L. suf. -ide, drop-like) 
(Gogotova and Vainshtein, 1983) 
Basonym: Desulfotomaculum guttoideum 
The description for Lacriformis guttoideum is identical to that of Desulfotomaculum 
guttoideum (Gogotova and Vainshtein, 1983; Stackebrandt et al., 1997), emphasizing that 
L. guttoideum does not reduce sulfate, though it does produce H2S from other sulfurous 
compounds (Stackebrandt et al., 1997). The type strain is 50T (DSM 4024T; VKM B-
1591T). 
 
3.18 Description of Lacriformis indolis, comb. nov.  
Lacriformis indolis (N.L. n. indol, indole; N.L. gen. n. indolis, of indole) 
Basonym: Clostridium indolis 
The description for Lacriformis indolis is identical to that of Clostridium indolis 
(McClung et al., 1957). The type strain is 7T (DSM 755T; ATCC 25771T; NCIB 9731T).  
 
3.19 Description of Lacriformis saccharolyticum, comb. nov.  
Lacriformis saccharolyticum (Gr. adj. polu, many; Gr. n. sakchâr, sugar; N.L. neut. 
adj. lyticum (from Gr. neut. adj. lutikon), able to loosen, able to dissolve; N.L. neut. 
adj. polysaccharolyticum, degrading several polysaccharides) (Murray et al., 1982) 
Basonym: Clostridium saccharolyticum 
The description for Lacriformis saccharolyticum is identical to that for Clostridium 
saccharolyticum. The type strain is WM1 (NRC 2533T; DSM 2544T; ATCC 35040T) 
(Murray et al., 1982). 
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3.20 Description of Lacriformis xylanolyticum, comb. nov.  
Lacriformis xylanolyticum (xy.1an.o. ly’ ti. cum. Gr. n. xylanosum, xylan; Gr. adj. 
lyticus, dissolving; L. neut. adj. xylanolyticum, xylan dissolving) (Rogers and Baecker, 
1991) 
Basonym: Clostridium xylanolyticum 
The description for Lacriformis xylanolyticum is identical to that for Clostridium 
xylanolyticum (Rogers and Baecker, 1991). The type strain is ATCC 49623T (DSM 
6555T).  
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CHAPTER 4 
 
RECLASSIFICATION OF CLOSTRIDIUM POLYSACCHAROLYTICUM, 
CLOSTRIDIUM POPULETI, CLOSTRIDIUM HERBIVORANS, AND 
CLOSTRIDIUM PHYTOFERMENTANS AS CELLULOSPECIUM 
POLYSACCHAROLYTICUM, GEN. NOV., COMB. NOV., CELLULOSPECIUM 
POPULETI, COMB. NOV., CELLULOSPECIUM HERBIVORANS, COMB. NOV., 
AND LESCHINIA PHYTOFERMENTANS, GEN. NOV., COMB. NOV 
 
4.1 Abstract 
 Incongruence between taxonomic classification of Clostridium species and 
sequence-based phylogenies has left many Clostridia lying outside of the genus 
Clostridium sensu stricto, and even the Family Clostridiaceae. Misclassified Clostridium 
spp. make up approximately one-third of the described species in the Lachnospiraceae 
and are in need of taxonomic revision to improve scientific communication. With a large 
recent expansion of the Family Lachnospiraceae and the increasing interest in these taxa 
as plant-degraders in the digestive tract and in soil or bioprocessing contexts, it is 
increasingly important to rectify the systematics of this group. Here we propose creation 
of two novel genera to house four misclassified Clostridium spp. One genus, 
Cellulospecium, gen. nov., is to include Cellulospecium herbivorans, comb. nov., 
Cellulospecium populeti, comb. nov., and Cellulospecium polysaccharolyticum, comb. 
nov. The second genus, Leschinia, gen. nov., houses Leschinia phytofermentans, comb. 
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nov. We also describe a novel species within the recently reclassified genus 
Anaerocolumna, Anaerocolumna spermata, sp. nov. 
 
4.2 Introduction 
Many of the species classified as Clostridia were described prior to DNA 
sequencing technologies, leading to a disconnect between taxonomy and phylogeny once 
sequencing was undertaken. The taxonomic genus Clostridium has representatives in 
several families based on phylogeny, though they all belong to the family Clostridiaceae 
due to their taxonomy. Some researchers have taken steps to correct this issue (Cai and 
Dong, 2010; Kaur et al., 2014; Liu et al., 2008), but the rectification of this genus’s 
taxonomy is far from over. 
Phylogenetically, the Lachnospiraceae family contains the genera Roseburia, 
Marvinbryantia, Cellulosyliticum, Coprococcus, Blautia, Hungatella, Lactonifactor, 
Hespellia, Robinsoniella, Pseudobutyrivibrio, Lachnobacterium, Dorea, Moryella, 
Shuttleworthia, Oribacterium, Lachnoanaerobaculum, Butyrivibrio, Syntrophococcus, 
Lactobacillus, Lachnospira, Parasporobacterium, Anaerostipes, Sporobacterium, 
Howardella, Catonella, Acetitomaculum, Anaerosporobacter, Anaerocolumna, 
Anaerobium, Fusicatena, Herbinix, Murimonas, Eisenbergiella, and the misclassified 
genera Eubacterium, Ruminococcus, and Clostridium. While this is a rather genera-rich 
family, the issue is in the interleaving of disparate taxonomic genera. Moreover, the 
genera Clostridium, Eubacterium, and Ruminococcus are not unique to the 
Lachnospiraceae, and are problematic due to their own eponymous families.  
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In medical microbiology and human microbiome research, the Lachnospiraceae 
are still often referred to as the Clostridium coccoides group, despite C. coccoides 
reclassification in 2008 as Blautia coccoides (Kurakawa et al., 2015; Liu et al., 2008; 
Touyama et al., 2015; Vermeiren et al., 2012). The NCBI has, to the confusion and 
dismay of many users, altered the taxonomy of the Clostridia in their databases (Yutin 
and Galperin, 2013), due to the taxonomic problems with the group. The Clostridium 
species in the Lachnospiraceae are now referred to as Lachnoclostridium, while other 
Clostridia may be called Peptoclostridium, Ruminiclostridium, or Erysipelatoclostridium, 
depending on their phylogenetic placement. However, these revisions were never 
approved, so the same organism can now have two contemporary names, depending on 
the source. Between the taxonomy, vernacular, and database specific revisions, there is an 
even less navigable taxonomic space for these organisms. 
4.3 Results 
There are approximately 30 misclassified Clostridium spp. within the family 
Lachnospiraceae. Two-thirds of these fall into three clusters, one which includes 
Clostridium clostridioforme, one which contains Clostridium sphenoides, and another 
which is much broader phylogenetically that contains Clostridium aminovalericum 
(Figure 13). This last cluster is comprised of Clostridium phytofermentans, Clostridium 
polysaccharolyticum, Clostridium populeti, Clostridium herbivorans, Eubacterium 
xylanohilum, Anaerosporobacter mobilis, Clostridium xylanolyticum, Clostridium 
jejuense, and Clostridium aminovalericum. Very recently, the latter three species have 
been placed in a novel genus, Anaerocolumna (Ueki et al., 2016). And within the last two 
years, the genera Herbinix and Mobilitalea have been added to this cluster as well. The 
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Clostridium spp. in this clade were originally classified based on the classical Clostridial 
definition: non-sulfate reducing, anaerobic sporeformers. Because of DNA sequencing, 
today we know that this definition is inclusive of several families and is not 
phylogenetically restricted. 
While the Clostridium species in this clade were placed in the same taxonomic 
genus, upon careful examination, it becomes clear that these organisms are not so closely 
related phylogenetically or phenotypically. There are differences in cell morphology, 
substrate utilization categories, Gram staining, sulfur utilization, and fermentation 
products. The genetic distance between these taxa lends little clarity, as ANI values are 
below the method’s threshold (Goris et al., 2007) (Table 9). 
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Figure 13. 16S rRNA gene based phylogeny. The taxa of interest are colored based on their 
grouping. The evolutionary history was inferred by using the Maximum Likelihood method based 
on the General Time Reversible model (Nei and Kumar, 2000). The tree with the highest log 
likelihood (-13851.9204) is shown. The percentage of trees in which the associated taxa clustered 
together is shown next to the branches. Initial tree(s) for the heuristic search were obtained 
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances 
estimated using the Maximum Composite Likelihood (MCL) approach, and then selecting the 
topology with superior log likelihood value. A discrete Gamma distribution was used to model 
evolutionary rate differences among sites (4 categories (+G, parameter = 0.6424)). The rate 
variation model allowed for some sites to be evolutionarily ([+I], 62.1370% sites). The tree is 
drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis 
involved 105 nucleotide sequences. All positions containing gaps and missing data were 
eliminated. There were a total of 1001 positions in the final dataset. Evolutionary analyses were 
conducted in MEGA6 (Tamura K et al., 2013). Not all sequences used in making the tree are 
shown. 
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The phylogeny based on the 16S rRNA gene shows how distantly related most of 
the taxa in this clade are, with Anaerocolumna xylanovorans and Anaerocolumna 
jejuensis being the closest relatives in this clade at a distance of ~3.0%. The next closest 
relatives are C. herbivorans and C. polysaccharolyticum at a distance of 3.4%. The 
remaining taxa are between ~4.7% and ~11.0% different from each other, with the mean 
distance being 8.01% (median 8.23%). Most of these are arguably distinct enough to be 
classified as separate genera. 
Thanks to the recent sequencing of several of these genomes, we are able to do 
much more in-depth analyses of the evolutionary history and relatedness of these taxa. A 
comparison of the rpoβ gene sequences highlights the distances between these organisms 
better than the 16S rRNA gene (Figure 14). The rpoβ gene has been shown to be a robust 
proxy for whole genome similarity (Adékambi et al., 2008). Quite surprisingly this 
method places E. xylanophilum with the Coprococcus spp. though this organism does not 
fit the phenotypic description of this genus. There is a rearrangement of C. populeti from 
branching with C. phytofermentans to branching with C. polysaccharolyticum, while A. 
xylanovorans, A. jejuense, and A. aminovalericum are still clustering together regardless 
of methodology. 
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Figure 14. rpoβ gene based phylogeny. Taxa are colored based on grouping, 
retaining the colors as in Figure 13, except that C. populeti is now grouping with C. 
polysaccharolyticum (gold). The evolutionary history was inferred by using the 
Maximum Likelihood method based on the General Time Reversible model (Nei and 
Kumar, 2000). The tree with the highest log likelihood (-71686.8892) is shown. The 
fraction of trees in which the associated taxa clustered together is shown next to the 
branches. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-
Joining method to a matrix of pairwise distances estimated using the Maximum 
Composite Likelihood (MCL) approach. A discrete Gamma distribution was used to 
model evolutionary rate differences among sites (4 categories (+G, parameter = 0.6590)). 
The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 
0.0000% sites). The tree is drawn to scale, with branch lengths measured in the number 
of substitutions per site. The analysis involved 48 nucleotide sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 2933 positions in 
the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura K et al., 
2013, p. 6). 
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For greater resolution, we also constructed a phylogeny from a 22 conserved 
genes (Figure 15), most of them encoding ribosomal proteins (Lang et al., 2013). This 
concatenated gene tree is in perfect agreement with the rpoβ based tree, sharing equally 
strong bootstrap values. Together these two methods help clarify some of the weaker 
relationships shown in the 16S rRNA based tree. C. populeti is most affected by this 
greater resolution, being grouped with C. polysaccharolyticum rather than with E. 
xylanophilum. The position of C. aminovalericum remains with C. xylanovorans and C. 
jejuense regardless of method, but the higher resolution phylogenies strengthen this 
placement. Based on these placements, we propose the development of three novel 
genera to rectify the taxonomy of these species.  
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Figure 15. Concatenated gene phylogeny using 22 conserved genes (Lang et al., 
2013). Due to some genomes missing genes, ribosomal proteins S2p and S11p were left out of the 
analysis, leaving 22 rather than 24 genes in the final alignment. Branches are colored based on 
grouping of taxa. The evolutionary history was inferred by using the Maximum Likelihood 
method based on the General Time Reversible model (Nei and Kumar, 2000). The tree with the 
highest log likelihood (-427761.6396) is shown. The percentage of trees in which the associated 
taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were 
obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated 
using the Maximum Composite Likelihood (MCL) approach. A discrete Gamma distribution was 
used to model evolutionary rate differences among sites (4 categories (+G, parameter = 0.7887)). 
The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 24.8442% 
sites). The tree is drawn to scale, with branch lengths measured in the number of substitutions per 
site. The analysis involved 66 nucleotide sequences. All positions containing gaps and missing 
data were eliminated. There were a total of 12714 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA6 (Tamura K et al., 2013, p. 6). 
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4.4 Description of Cellulospecium gen. nov. 
Cellulospecium (L. n. cellulo cellulose; L. n. specialita specialist; cellulose-specialists, 
referring to the ability to degrade cellulose and a limited range of other carbohydrates) is 
a genus of motile sporeforming obligate anaerobes. They are thick short rods which 
produce butyrate and degrade cellulose, though they are able to utilize hemicellulolytic 
components as well. They have a Gram positive cell wall structure, though they may stain 
negative. The type species is Celluospecium polysaccharolyticumT. 
 
4.5 Description of Cellulospecium herbivoransT, comb. nov. 
Cellulospecium herbivoransT (L. fem. n. herba, grass, herb,  a green plant; L. v. vorare, 
to devour; N.L. part. adj.herbivorans, devouring plants.) (Varel et al., 1995) 
Basonym: Clostridium herbivoransT 
The description for Cellulospecium herbivoransT is identical to that for Clostridium 
herbivoransT (Varel et al., 1995). The type strain is 54408T (ATCC 49925T; DSM 
14428T). 
 
4.6 Description of Cellulospecium populetiT, comb. nov. 
Cellulospecium populetiT (po.pu'le.ti. L. n. populetum poplar wood; L. gen. n. populeti of 
poplar wood) (Sleat and Mah, 1985) 
Basonym: Clostridium populetiT 
The description of Cellulospecium populetiT is identical to that for Clostridium populetiT. 
The type strain is 743AT (ATCC 35295T; DSM 5832T). 
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4.7 Description of Cellulospecium polysaccharolyticumT, comb. nov. 
Cellulospecium polysaccharolyticumT (Gr. adj. polu, many; Gr. n. sakchâr, sugar; N.L. 
neut. adj. lyticum (from Gr. neut. adj. lutikon), able to loosen, able to dissolve; N.L. neut. 
adj. polysaccharolyticum, degrading several polysaccharides.) (“LPSN - List of 
Prokaryotic names with Standing in Nomenclature,” n.d.) 
Basonym: Clostridium polysaccharolyticumT 
Other synonym: Fusobacterium polysaccharolyticumT 
The description for Cellulospecium polysaccharolyticumT is identical to that for 
Clostridium polysaccharolyticumT (Gylswyk, 1980; Gylswyk et al., 1980). The type 
strain is BT (ATCC 33142T; DSM 1801T). 
 
4.8 Description of Leschinia, gen. nov. 
Leschinia (N. L. Leschinia, referring to the distinguished scientist Dr. Susan B. Leschine, 
who has made significant contributions to our knowledge of microbial breakdown of 
complex polysaccharides) describes a genus of thing rod-shaped, anaerobic sporeformers 
with broad substrate utilization capabilities, including simple and complex carbohydrates. 
The type species is Leschinia phytofermentansT. 
 
4.9 Description of Leschinia phytofermentansT, comb. nov. 
Leschinia phytofermentansT (phy.to.fer.men«tans. Gr. n. phyton plant; L. part. adj. 
fermentans fermenting; 
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N.L. part. adj. phytofermentans plant-fermenting, referring to the wide range of plant 
polysaccharides that this organism is capable of utilizing as growth substrate) (Warnick et 
al., 2002) 
Basonym: Clostridium phytofermentansT 
The description for Leschinia phytofermentansT is identical to that for Clostridium 
phytofermentansT (Warnick et al., 2002). The type strain is ISDgT (ATCC 700394T; DSM 
18823T). 
 
4.10 Description of Anaerocolumna spermata, sp. nov. 
 Anaerocolumna spermata (L. n. sperma, sperm cell; spermata resembling a sperm 
cell) is an motile, spore-forming obligate anaerobe. A. spermata was isolated from a 
forest-soil seeded microcosm in Montague, MA, USA, which was maintained 
anaerobically on switchgrass at 30 °C. A. spermata is Gram variable, but when fixed with 
methanol, is evenly Gram negative (early log phase). It is a fast-growing rod-shaped 
bacterium, usually forming filamentous chains which form tangled nets microscopically. 
Subterminal oval to ovoid spores develop which swell the wall, leading to a sperm-like 
morphology.  It can utilize a wide variety of carbohydrates for growth: DL-arabinose, 
cellobiose, chitin, fructose, galactose, gentiobiose, glucose, inulin, laminarin, mannose, 
maltose, maltodextrin, maltotriose, melibiose, pectin, raffinose, rhamnose, salicin, starch, 
sucrose, trehalose, xylan, and xylose, as well as the methylated sugars B-Methyl-D-
Xylose and 10 methyl α-D-Glucopyranoside. Ribose, sorbose, melezitose did not support 
growth. It was unable to grow using short chain fatty acids: acetate, butyrate, formate, 
lactate, propionate, pyruvate, succinate, or sugar alchohols: adonitol, dulcitol, sorbitol, 
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xylitol, except mannitol. Casamino acids did not support growth. It grows over a 
temperature range from as low as 10 °C to 40 °C, growing optimally at 37-40 °C. Its pH 
range for growth is 6 to 9, with an optimum of 8. It does not reduce sulfur compounds 
(sulfite, sulfate, thiosulfate, cysteine) or nitrate. It is urease, catalase, oxidase, gelatinase, 
and indole negative. The closest relative, Clostridium jejuense, shares 96.8% 16S rRNA 
gene identity, though this is a partial sequence, so the true similarity may be lower. The 
type strain is KNHs205T (ATCC TSD-29T; DSM 100533T). 
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CHAPTER 5 
 
KINEOTHRIX ALYSOIDES, GEN. NOV., SP. NOV., A SACCHAROLYTIC, 
BUTYRATE-PRODUCING NITROGEN FIXER WITHIN THE FAMILY 
LACHNOSPIRACEAE 
 
5.1 Abstract 
 Kineothrix alysoides strain KNHs209T (ATCC TSD-26T, DSMZ 100556T) was 
isolated from a forest soil-seeded microcosm, maintained anaerobically on switchgrass. 
The organism is a highly motile rod, often forming long filamentous chains which are 
easily observed moving under the microscope. Its closest relatives lie within the 
Lachnospiraceae/Cluster XIVa of the Clostridia, though it is easily distinguishable based 
on its morphology and flagellar arrangement. Whole genome sequencing enabled 
development of minimal medium, and also suggested that the organism is capable of 
fixing nitrogen. Its wide variety of growth substrates is highlighted in its concomitantly 
high number of encoded chemotaxis receptors (45, the highest in the family 
Lachnospiraceae).  It is capable of utilizing a wide variety of carbohydrates, but not 
cellulose or xylan. Fermentation products include formate, acetate, and butyrate; it does 
not reduce sulfur compounds or nitrate. K. alysoides grows optimally at 35-40 °C and pH 
7. Based on its low abundance in the microcosm and evasion of discovery until now, it 
seems that it is a member of the rare biosphere. Its placement in the well-known gut 
commensal family Lachnospiraceae, coupled with its saccharolytic capabilities and 
butyrate production hint that it may even be a rare member of the gut microbiome.  
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5.2 Introduction 
 It is widely accepted that most of the microbial diversity on the planet is yet to be 
discovered (Rappé and Giovannoni, 2003; Sogin et al., 2006; Stevenson et al., 2004), 
with approximately 300,000 species of bacteria estimated from current rarefaction curves 
and only about 4,000 characterized taxa. Much of this diversity is thought to be present in 
the rare biosphere, the low-abundance members that constitute most of the richness in a 
community. While we can make estimates of global bacterial diversity based on 
sequencing surveys, the function of these microbes cannot be determined without 
isolating and observing them.  
 We developed and maintained a soil-seeded microcosm on switchgrass for 
approximately three years, sequencing the progenitor soil sample and subsequent 
transfers to determine the stability and structure of the microcosm. After sequencing data 
revealed bacteria from unexplored genomic space, we began isolations. One of the 
isolates appeared to represent a novel genus, based on 16S rDNA sequence similarity to 
known taxa, and deep branching on phylogenetic trees. The organism, KNHs209, is a 
member of the rare biosphere of our microcosm, at ~0.04% relative abundance based on 
phylotag sequencing. In the initial soil sample, however, only one matching sequencing 
was found (~0.001% of all reads). Here we describe the phenotypic characterization 
alongside a genomic analysis. 
 
5.3 Methods 
Isolation and Maintenance 
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One-week old Microcosms were vortexed to mix; serial dilutions were made in 
sterile water, which were then streaked onto GS2 plates. Colonies were restreaked until 
they appeared pure by colony morphology, then observed microscopically to ensure one 
cell morphotype was present. The 16S rRNA gene was amplified and sequenced using 
27F and 1492R universal bacterial primers to test for purity and to analyze phylogeny. 
KNHs209 was isolated on GS2 agar medium supplemented with 0.3% cellobiose. 
The media contained, per liter: 3 g Na2HPO4, 1.77 g NaH2PO4, 2.18g K2HPO4, 3.4 g 
KH2PO4, 2.1 g urea, 3 g sodium citrate•2H2O, 6 g yeast extract (Fisher BP9727-500), 2 g 
L-cysteine hydrochloride monohydrate, 1 mL 0.1% Resazurin, 100 mL GS2 salt solution, 
900 mL ultrapure water, 3 g cellobiose. 100 mL of GS2 salts contained: 1 g 
MgCl2•6H2O, 0.15 g CaCl2•2H2O,0.00125 g FeSO4•7H2O in ultrapure H2O. Solidified 
plates were equilibrated in the anaerobic chamber (atmosphere containing ~3% H2, ~10% 
CO2, and ~87% N2) at least 8 hours before use.  
 Growth based assays were carried out in liquid GS2 medium. Medium was 
prepared per the Hungate technique (HUNGATE, 1950). Unless otherwise stated, growth 
assays were carried out at pH 7 and 30 °C. For pH alterations, HCl was used to acidify, 
NaOH was used to alkalify up to pH 8.5, 10% NaCO3 was to alkalify for pHs 9.0 and 9.5 
(Mitsui et al., 2010). Temperatures were tested in 5 °C increments except for the addition 
of 37 °C; pH values were tested in increments of 0.5. 
Freezer stocks were made from a mid-late log phase culture, first iced for ~10 
minutes, then combined in equal parts (0.75 mL) with 30% sterile glycerol in 2.0 mL 
cryovials and stored at -80 °C. Viability and purity of freezer stocks were checked by 
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inoculating into GS2 with cellobiose and observing the resultant culture microscopically 
with a phase contrast microscope at 400X and 1000X magnification. 
The defined medium developed for KNHs209 was dubbed MM9 and contained 
(per L): 2 g NaH2PO4, 10 g K2HPO4, 1 g L-cysteine hydrochloride monohydrate, 0.05 g 
L-proline, 40 mL XT2 solution, 10 mL BTE solution, and 1 mL 0.1% Resazurin. 9.4 mL 
were aliquoted per tube. After autoclaving, 0.3 mL 10% cellobiose and 0.2 mL CPV4 
were added to each tube. XT2 contained (per 100 mL): 0.25 g xanthine, 0.25 g thymine, 
and 1 mL 6N NaOH. BTE contained (per L): nitriolotriacetic acid, 3 g MgSO4∙7H2O, 0.5 
g MnSO4∙4H2O, 1 g NaCl, 0.1 g FeSO4∙7H2O, 0.1 g CoCl2∙6H2O, 0.1 g CaCl2, 0.1 g 
ZnSO4∙7H2O, 0.01 g CuSO4∙5H2O, 0.01 g AlK(SO4)2, 0.01 g H3BO3, 0.01 g Na2MoO4, 
0.03 g NiSO4∙6H2O, 0.02 g Na2SeO3, and 0.02 g Na2WO4. CPV4 contained (per 100 
mL): 4 mg p-aminobenzoic acid, 0.1 mg biotin, 0.6 mg folinic acid, 8 mg nicotinamide, 
0.5 g pantethine, 0.4 mg pyridoxal, 3.0 mg riboflavin, and 1.0 mg thiamine. 
 
Biochemical Assays 
 Testing for catalase was performed by adding 3% hydrogen peroxide to a colony 
which had been transferred to a clean microscope slide. The oxidase test was performed 
using BBL Oxidase (Becton, Dickinson and Company, item 261181) as per the 
instructions. The indole test was performed using Kovac’s aldehyde reagent (Ricca 
Chemical, item 4260-16); Resazurin was left out of the medium for this test, so that its 
color did not confound test results. 
 For assaying anaerobic respiration of sulfur compounds, GS2CB (1.5% agar) was 
supplemented with either cysteine, sulfate, sulfite, or thiosulfate, and ferric ammonium 
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citrate. The isolate was streaked onto the plates in the anaerobic chamber, which were 
sealed with strips of Parafilm® to minimize dehydration.  
 Nitrate reduction was also tested as per manufacturer’s instructions (Becton, 
Dickinson and Company, item 211299), followed by a final step where elemental zinc 
crystals were added to check for the presence of unreduced nitrates by reducing them to 
nitrite. Resazurin was also left out of this medium, to prevent confounding color changes. 
 Motility was tested in sulfate indole motility (SIM) semisolid agar stabs and also 
observed microscopically. The Gram stain was carried out as directed (Becton, Dickinson 
and Company, item 212539) but with methanol rather than heat fixation (Mangels et al., 
1984; Minnerath et al., 2009). The KOH test was performed according to (Halebian et al., 
1981). 
 
Fermentation Product Analysis 
Samples were filtered through a 0.22 µm PVDF syringe-driven filter (Millipore 
SLGVX13NL) then frozen at -20 °C. Samples were run through a Shimadzu Prominence 
liquid chromatograph (LC-20AD) equipped with a refractive index detector (RID-10A) 
and a Biorad Aminex HPX-87 ion exclusion column (125-0140). 20 µL injection 
volumes were run through the system in 5 mM H2SO4 running buffer at a flow of 0.6 mL 
per minute for 30 minutes per sample. Standards included ethanol, acetate, propanol, 
butyrate, lactate, propionate, succinate, and formate. 
Gas chromatography was run on a Shimadzu GC-8A with a TCD detector and 
Supelco 60/80 Carboxen 1000 column, with argon as the carrier gas. Standards included 
carbon dioxide, methane, nitrogen, and hydrogen. 
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Electron Microscopy 
 Scanning electron microscopy (SEM) was done on a JEOL JCM-5000; samples 
were prepared as described elsewhere (Fox and Demaree, 1999) and sputter coated with 
gold. Transmission electron microscopy (TEM) samples were prepared by drying then 
negative staining culture with uranyl acetate. Prepared samples were visualized on a 
JEOL 100X transmission electron microscope.  
 
Phylogenetic Analyses 
Lachospiraceae 16S rDNA sequences were taken from the RDP, using only those 
that represented type strains with long, good quality sequences. The species 
Desulfotomaculum guttoideum is not included as a type strain in the RDP, but it was 
included as well. The 16S rDNA sequence for Eisenbergiella tayi was retrieved from 
NCBI. The 16S rDNA sequence for KNHs209 was taken directly from the genome 
(CC90DRAFT_4253). 
Sequences were aligned in MEGA6 using ClustalW1.6 with the default 
parameters. To determine the best probable method for phylogenetic tree construction of 
this group, JModelTest was used. Using the resulting parameters, a phylogenetic tree was 
constructed in MEGA6 using the Maximum Likelihood method and the General Time 
Reversible (GTR) model with gamma distributed rates (4 categories) and invariant sites 
(G+I). Gaps were treated as complete deletions, and 500 bootstrap replicates were 
performed. 
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Average nucleotide identity (ANI) was calculated using JSpecies blast-based ANI 
(ANIb) calculation (Goris et al., 2007; Richter et al., 2015; Richter and Rosselló-Móra, 
2009).  
 
Genome Extraction 
 KNHs209 was grown in 50mL of GS2 medium with 0.5% cellobiose. The culture 
was harvested for genomic DNA in early stationary phase: the flask was put on ice for 
~10 minutes prior to pelleting. The JGI DNA extraction protocol was followed thereafter, 
except that the concentrations of both lysozyme and proteinase K were reduced to 20 
mg/mL and incubated 1 hour each. 
 
Genome Sequencing and Assembly 
The draft genome of KNHs209 was generated at the DOE Joint genome institute 
(JGI) using the Pacific Biosciences (PacBio) sequencing technology (Eid et al., 2009). A 
Pacbio SMRTbell™ library was constructed and sequenced on the PacBio RS platform, 
which generated 145,422 filtered subreads totaling 393.4 Mbp. All general aspects of 
library construction and sequencing performed at the JGI can be found at 
http://www.jgi.doe.gov. The raw reads were assembled using HGAP (version: 
2.1.1)(Chin et al., 2013). The final draft assembly contained 3 contigs in 3 scaffolds, 
totalling 4.7 Mbp in size. The input read coverage was 51.7X.  
 
Genome Annotation  
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Genes were identified using Prodigal (Hyatt et al., 2010), followed by a round of 
manual curation using GenePRIMP (Pati et al., 2010). The predicted CDSs were 
translated and used to search the National Center for Biotechnology Information (NCBI) 
nonredundant database, UniProt, TIGRFam, Pfam, KEGG, COG, and InterPro databases. 
The tRNAScanSE tool (Lowe and Eddy, 1997) was used to find tRNA genes, whereas 
ribosomal RNA genes were found by searches against models of the ribosomal RNA 
genes built from SILVA(Pruesse et al., 2007). Other non–coding RNAs such as the RNA 
components of the protein secretion complex and the RNase P were identified by 
searching the genome for the corresponding Rfam profiles using INFERNAL (Nawrocki 
et al., 2009). Additional gene prediction analysis and manual functional annotation was 
performed within the Integrated Microbial Genomes (IMG) platform(The Integrated 
Microbial Genomes (IMG) platform., n.d.) developed by the Joint Genome Institute, 
Walnut Creek, CA, USA (Markowitz et al., 2009). 
 
5.4 Results 
KNHs209 stains Gram negative (Figure 16A), though the KOH test (Halebian et 
al., 1981) suggests a Gram positive cell wall structure, a common conundrum within the 
Lachnospiraceae. By 96 hours, colonies on GS2-cellobiose are approximately 1mm in 
diameter; round, translucent off-white, and glossy with entire margins, taking on a micro-
undulating margin as the colonies age. Slightly sub-terminal spores that swell the wall are 
produced, (Figure 16G), which lend the cells a sperm-like morphology.  Single cells are 
straight rods (0.5 to 0.6 µm by 3.3 to 6.7 µm) with rounded ends (Figure 16). When cells 
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are in chains or dividing, the length can exceed this however. Chains are often observed, 
and regularly reach ~30 µm in length, becoming somewhat filamentous (Figure 16).  
 
Figure 16. Morphology of KNHs209. All cultures were grown in GS2 with cellobiose at 
30 °C. A) Gram stain (1000X) B) negative stained TEM showing a single polar flagellum 
C) an unagitated culture, showcasing the tendency to form a biofilm D-E) Vegatative 
cells (1000X) where long chains are a common occurrence F) Colonies after 48 hours G) 
Typical morphology of sporulating cells H) SEM of vegetative cells 
 
Cells are highly motile, easily dispersing through 0.5% agar stabs. Motility is 
conferred by a single polar flagellum. Interestingly, motility is maintained even when in 
chain formation. Despite this, in broth culture, KNHs209 tends to grow in a robust 
biofilm (Figure 16C), which sometimes floats (possibly due to gas production). 
Vortexing results in a heterogeneous mixture of flocs and planktonic culture. KNHs209 
has a typical Gram-positive flagellar assembly, notably lacking the outer-membrane-
traversing FlgF, FlgH, and FlgI proteins, which make up the proximal rod, the L ring, and 
the P ring respectively (Chen et al., 2011; Pallen et al., 2005). The genome highlights the 
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organism’s broad substrate repertoire and motility with over 3% of genes related to 
chemotaxis and motility. Forty-five of these genes are chemoreceptors (COG0840, 
methyl-accepting chemotaxis protein), the most of any sequenced Lachnospiraceae 
(exclusive range 0-32). KNHs209 also has a locus encoding a type IV pilus assembly 
(CC90DRAFT_1101-1108).  
Catalase, indole, oxidase, urease, gelatinase, and citrate tests were all negative. 
KNHs209 does not encode a tryptophanase, which is as expected based on its negative 
indole reaction. Anaerobic respiration of nitrate, sulfate, sulfite, and thiosulfate was not 
observed. 
The genome sequence suggested that KNHs209 can fix nitrogen gas due to the 
presence of nifDHK (CC90DRAFT_0542-0543, CC90DRAFT_0550, 
CC90DRAFT_0855-0856). Dos Santos et al. (Dos Santos et al., 2012) recommended a 
minimum set of six genes be present when scanning genomes for nitrogen fixation: 
nifHDK and nifBEN. The overall geneset conferring nitrogen fixation to an organism 
varies from species to species, but these genes are mostly conserved. NifDK make up the 
dinitrogenase enzyme, while NifH is the dinitrogenase reductase. Typically, an iron-
molybdenum cofactor (FeMoco) is required for function of dinitrogenase; this cofactor is 
in part produced by NifBEN. However, some genomes lack nifEN and an FeMoco 
binding site within the nitrogenase, indicating an iron-sulfur (FeS) active site, rather than 
one including moldybenum (Dos Santos et al., 2012). Interestingly, many of the genes 
flanking the two nifDK sets in KNHs209 are involved in transport of sulfur containing 
organic compounds, such as taurine, methionine, and cysteine, which may contribute to 
the synthesis of FeS clusters.  
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Figure 17. COG-based gene neighborhood maps comparing the nitrogenase 
loci, based on BLASTP (NR) best hits of nifD and nifK amino acid sequences. A) 
Comparison between CC90DRAFT_0534-0550 (KNHs209), Ga0055386_102436-
102421 (C. jeddahense), and HMPREF1141_2537-2550 (C. MSTE9). B) Comparison 
between CC90DRAFT_0851-0862 (KNHs209) and G602DRAFT_03543-3558 (B. 
AC2005). After the reference map for KNHs209, only genes which differ among the 
analogous loci are labelled. 
 
There is surprisingly low sequence similarity between the copies of nifD and nifK 
in the genome. Pairwise BLASTP results show a 45% identity between the nifD copies 
and 42% identity between the nifK copies. A BLASTP query against all recorded protein 
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sequences resulted in much higher hits, however: the nifDK at CC90DRAFT_0855-0856 
showed the highest similarity (65-70%) to Butyrivibrio strain AC2005 from the Hungate 
1000 project, while the nifDK at CC90DRAFT_0542-0543) was most similar to human 
gut microbes Clostridium spp. JCD (now Clostridium jeddahense) and MSTE9. Syntenic 
maps of these neighborhoods are shown in Figure 17. Unfortunately, little to no 
phenotypic data is available for most of the strains; the description of C. jeddahense does 
not include any mention of nitrogen fixation (Lagier et al., 2014). 
We tested KNHs209’s ability to fix nitrogen by growing it in minimal medium 
(MM9) with N2 provided in the headspace as the only nitrogen source, save for L-proline 
and the reducing agent cysteine. It continually grew in the medium over serial transfers, 
though it reached only about 1/2 of its normal turbidity. Maximal turbidity was increased 
by supplementing with 0.1% (NH4)2SO4. This suggests some limiting factor in nitrogen 
fixation, perhaps iron or sulfur. 
 HPLC analysis on spent GS2 cellobiose media revealed production of formate, 
acetate, and butyrate withbutyrate concentration increasingduring late log phase. The 
ratio of product concentrations was about 3 formate to 2 acetate to 1 butyrate at log 
phase. A locus (CC90DRAFT_2157-2158) containing phosphate butyryltransferase and 
butyrate kinase (EC:2.7.2.7) were discovered by querying the genome for the EC 
numbers associated with both known pathways for butyrate production. 
 In stab cultures, small diffuse bubbles are evident in the media. Gas 
chromatography has revealed only small amounts of carbon dioxide production. This 
product is present in such low concentrations, however, that it cannot be reliably found 
from run to run. 
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KNHs209 grows on a wide variety of substrates (Table 10). Substrates utilized 
include L-arabinose, arbutin, cellobiose, chitin, fructose, D-galactose, β-gentiobiose, D-
glucose, α-lactose, laminarin, levulose, D-lyxose, maltose, maltodextrin, maltotriose, D-
mannose, D-ribose, salicin, sorbose, starch, sucrose, D-trehalose, D-xylose, and 
melezitose. Despite this wide repertoire, it was unable to utilize the abundant plant 
polysaccharides xylan and cellulose, even though the mono or disaccharides xylose, 
cellobiose, and glucose were readily metabolized. It seems unable to utilize methylated 
sugars, (fucose, rhamnose, and methylated xylose) and sugar alcohols (sorbitol, dulcitol, 
xylitol, adonitol, and mannitol), except for erythritol, on which it grows poorly. It is 
unable to utilize proteins, amino acids or fatty acids as carbon sources. 
KNHs209’s optimal temperature for growth was 40 °C, though it grew almost 
aswell at 37 °C and 35 °C. It could not grow at 45 °C. Increasingly slower growth was 
observed from 30 to 15 °C. 
 Acceptable pH for growth ranged from 5.5 to 8.0, with no growth at 5.0 or 8.5. 
Optimal pH for growth was 7.0, and though it grew equally fast at 6.5, it reached a 
slightly lower maximum OD600. It grew well at pH 7.5, though at pH 8 and pH 6.5 
growth was impaired. Growth was severely impaired at pH 5.5, and did not grow at pH 
5.0 or 8.5. 
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Table 10. Substrate utilization test results for KNHs209. Substrate utilization tests 
were carried out in GS2 liquid medium at 30 °C. Duplicate tests were run in 96 well 
microplates, at a final volume of 200uL and concentration of 1.5% substrate per well. 
Ambiguous or unclear results were redone in 10mL cultures. Growth was determined by 
changes in optical density at 600 nm compared to substrate-free wells and uninoculated 
control plates. ± denotes poor growth (OD600≥0.3), - denotes no growth (OD600 < 0.1); + 
denotes good growth (OD600 > 0.3, usually between 0.5 and 1.0). 
Acetate -  D-Lyxose + 
Adonitol -  Maltodextrin + 
Amygdalin -  Maltose + 
D-Arabinose -  Maltrotriose + 
L-Arabinose +  Mannitol - 
Arbutin +  D-Mannose + 
Butyrate -  Melezitose + 
Casamino acids -  Melibiose - 
Casein -  10 Methyl-α-D-
glucopyranoside 
- 
Cellobiose +  β-Methyl-D-xylose - 
Cellulose -  Pectin ± 
Chitin +  Peptone - 
Dulcitol -  Polygalacturonic 
acid 
+ 
Erythritol ±  Propionate - 
Formate -  Pyruvate - 
Fructose +  Raffinose - 
Fucoidan -  Rhamnose - 
L-Fucose -  D-Ribose + 
D-Galactose +  Salicin + 
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D-Galacturonic acid -  D-Sorbitol - 
β-Gentiobiose -  Sorbose + 
D-Glucono-γ-
lactone 
-  Starch + 
D-Glucosamine -  Succinate - 
Glucose +  Sucrose + 
D-Glucuronic acid -  D-Trehalose + 
Inulin -  Xylan - 
Lactate -  Xylitol - 
α-Lactose +  D-Xylose + 
Laminarin +    
 
 
Genome Summary 
 The genome is 4,676,087 kb in length, across three scaffolds. There are 4,176 
protein coding genes, five copies of the 16S rRNA gene (1410 to 1412 bp), and two 
CRISPR regions.  G + C content is 42.74 mol%. A genome summary and statistics can be 
found in tables 11 through 13. 
 
Table 11. Sequencing project information 
MIGS ID Property Term 
MIGS-31 Finishing quality Permanent Draft 
MIGS-28 Libraries used Pacbio SMRTbell™ 
MIGS-29 Sequencing platform PacBio RS 
MIGS-31.2 Fold coverage 51.7X 
MIGS-30 Assemblers HGAP 2.1.1 
MIGS-32 Gene calling method Prodigal 2.5 
 Genbank ID NZ_JPNB01000001 
 GOLD ID Gi0049735 
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 Project relevance Biotechnology, Digestion, 
Anaerobic Plant Degradation 
 
Table 12. Nucleotide content and gene count levels of the genome 
Attribute Genome (total) 
 Value % of totala 
Size (bp) 4,676,087 100.00% 
G+C content (bp) 1,998,618 42.74% 
Coding region (bp) 4,138,826 88.51% 
Total genesb 4,263 100.00% 
RNA genes 87 2.04% 
Protein-coding genes 4,176 97.96% 
Genes in paralog clusters 3,172 74.41% 
Genes assigned to COGs 2,699 63.31% 
Genes with signal peptides 155 3.64% 
Genes with transmembrane helices 1,133 26.58% 
Paralogous groups 3,172 74.41% 
 
Table 13. Number of genes associated with the 25 general COG functional 
categories 
Code Value % of totala Description 
J 157 5.23% Translation 
K 336 11.19% Transcription 
L 148 4.93% Replication, recombination and repair 
D 24 0.80% Cell cycle control, mitosis and meiosis 
V 112 3.73% Defense mechanisms 
T 204 6.79% Signal transduction mechanisms 
M 164 5.46% Cell wall/membrane biogenesis 
N 103 3.43% Cell motility 
U 42 1.40% Intracellular trafficking and secretion 
O 78 2.60% Posttranslational modification, protein turnover, 
chaperones 
C 106 3.53% Energy production and conversion 
G 382 12.72% Carbohydrate transport and metabolism 
E 233 8.63% Amino acid transport and metabolism 
F 71 2.36% Nucleotide transport and metabolism 
H 89 2.96% Coenzyme transport and metabolism 
I 69 2.30% Lipid transport and metabolism 
P 131 4.36% Inorganic ion transport and metabolism 
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Q 31 1.03% Secondary metabolites biosynthesis, transport and 
catabolism 
R 326 10.86% General function prediction only 
S 197 6.56% Function unknown 
- 1,564 36.69% Not in COGs 
ᵃThe total is based on the total number of protein coding genes in the annotated genome. 
 
Comparison to known taxa 
Phylogenetically, KNHs209 forms a rather deep branch in the Lachnospiraceae 
(Figure 18) most closely related to another recently describe novel genus 
Eisenbergiella.Eisenbergiella, that has one published representative, Eisenbergiella tayi, 
and close relatives have been discovered in human gut microbiome sequencing surveys 
(Amir et al., 2014). While no genome sequence exists for the type organism, a 
comparison of the 16S rDNA sequence shows only a 94.2% sequence similarity with 
KNHs209. Both are strict anaerobes forming rod-shaped cells that stain Gram negative, 
are structurally Gram positive and that produce butyrate (Amir et al., 2014). A further 
phenotypic comparison shows stark differences in the lifestyle of these taxa (Table 14), 
with KNHs209 being a highly motile, saccharolytic spore former and E. tayi being a non-
motile, non-saccharolytic non-sporeformer. Colony morphologies are are also strikingly 
different between the two, as well as a positive catalase reaction by E. tayi, an unusual 
enzyme to be produced by strict anaerobes. 
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Figure 18. Phylogenetic tree showing the placement of KNHs209 within the 
Lachnospiraceae. (continued) Sequences meeting the following conditions were downloaded 
from the Ribosomal Database Project (RDP): Lachnospiraceae family, type strains, isolates, good 
quality, length >1200 bp. The best BLAST hits of environmental sequences are also included, 
though they cluster with the new genus Eisenbergiella. The evolutionary history was inferred by 
using the Maximum Likelihood method based on the General Time Reversible model (Nei and 
Kumar, 2000). The tree with the highest log likelihood (-13360.1513) is shown. The percentage 
of trees in which the associated taxa clustered together is shown next to the branches. Initial 
tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ 
algorithms to a matrix of pairwise distances estimated using the Maximum Composite Likelihood 
(MCL) approach, and then selecting the topology with superior log likelihood value. A discrete 
Gamma distribution was used to model evolutionary rate differences among sites (4 categories 
(+G, parameter = 0.6261)). The rate variation model allowed for some sites to be evolutionarily 
invariable ([+I], 61.4081% sites). The tree is drawn to scale, with branch lengths measured in the 
number of substitutions per site. The analysis involved 107 nucleotide sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 997 positions in the final 
dataset. Evolutionary analyses were conducted in MEGA6 (Tamura K et al., 2013). Branches 
were pruned in R using the package Ape to condense the tree. 
  
Beyond this genus, the next closest relatives are scattered among the large 
Lachnospiraceae subclade which includes the Blautia spp., Roseburia spp., and 
Clostridium indolis group, showcasing the uniqueness of KNHs209 from other described 
species. 16S rDNA identities for these members (type species/strains) are at most 92.6%, 
and average nucleotide identities (ANIs) range from 64.35% to 67.95% across all 
Lachnospiraceae type strains, with the median and mean ANI being ~66.5%. These taxa 
are so divergent, that these ANI values are beyond the limits of the method, with 
correlating DNA-DNA hybridization value being negative (Goris et al., 2007). It is clear 
that this organism represents a genetically and phenotypically distinct group, of which 
other species have yet to be found. We propose the introduction of KNHs209 as a novel 
species, alysoides, within the novel genus, Kineothrix. 
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Table 14. Comparison of KNHs209 to closest relatives based on 16S rRNA gene 
sequence. 
  KNHs209a Eisenbergiella tayib 
16S rDNA 
sequence 
identity with 
KNHs209 
- 94.20%† 
Isolation forest soil 
blood culture from 86 
year old man with 
bacteremia 
%GC 42.74%ǂ 46.00% 
temperature 
opt 40 °C (35 °C, 37 °C) 30 to 37 °C 
temperature 
range  ≤15 to 40 °C, not at 45 °C 15 to 45 °C 
morphology 
(colony) 
circular, white, translucent 
shiny, convex, entire 
margins, ~1 mm after 72 
hrs 
flat, opaque, irregular, 
rhizoid margins, 0.17-0.6 
mm in diameter after 48-
72 hrs 
morphology 
(cell) 
rods often singles or in 
filamentous chains 
reaching 30 µm in length; 
3.3-6.7 µm X 0.5-0.6 µm 
rods with slightly tapered 
ends, in singles or pairs, 
3.4-7.3 µm X 0.4-0.7 µm 
fermentation 
productsc formate, acetate, butyrate 
butyrate, lactate, acetate, 
succinate 
spores 
round subterminal, 
resulting in a lightbulb 
shape 
none observed 
flagella single polar none observed 
motile + - 
catalase - + 
substrates:     
arabinose L+,D- - 
cellobiose + - 
fructose + - 
galactose + - 
glucose + - 
lactose + - 
maltose + - 
mannose + - 
melezitose + - 
ribose + - 
salicin + - 
starch + - 
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(continued) 
sucrose + - 
trehalose + - 
xylose + - 
ᵃThis study, ᵇ(Amir et al., 2014), ᶜin order of relative abundance, ǂIMG, †16S rDNA 
sequences were aligned and then trimmed in MEGA6 prior to exporting into Emboss for 
Needleman-Wunsch global alignments. Untrimmed sequences artificially inflated 
distances with this algorithm, though trimming likely artefactually inflates similarity. 
Genome sequences and gene calling with the same method would lead to more accurate 
values, probably lower than those reported here. 
   
5.5 Description of gen. nov., Kineothrix 
 Kineothrix: trich’o.pos.i.a Gr. n. trícha a single hair; Gr. adj. ópos like, hair like. 
Given the relative conservation of cellular morphology between closely related bacteria, 
the name focuses on this trait. The long filamentous chains of cells appear like strands of 
hair under the microscope. The genus consists of anaerobic, motile, spore-forming rods, 
which ferment sugars and produce butyrate. They do not produce H2S or reduce nitrate. 
They stain Gram negative but have a Gram positive cell wall structure. The DNA G + C 
content is approximately 43 mol%. The type species is Kineothrix alysoides. 
5.6 Description of sp. nov., Kineothrix alysoides 
 Kineothrix alysoides (Ki'ne.o.thix. Gr. v. kineo to move; Gr. fem. n. thrix, trichos 
hair; N.L. fem. n. Kineothrix a moving hair; a.lys.o’i.des. Gr. n. alysis chain; L. suff. -
oides (from Gr. suff. -eides, from Gr. neut. n. eidos, that which is seen, form, shape, 
figure) resembling, similar; N.L. neut. n. (nominative in apposition) a shape similar to a 
chain) is an obligate anaerobe within the family Lachnospiraceae. Cells are generally 
slim straight rods 3.3 - 6.7 μm in length by 0.5 - 0.6 μm in width, often longer than this in 
chains and when dividing, with chains commonly reaching 30 μm in length and 
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becoming filamentous. K. alysoides forms round terminal spores; swollen cells are not 
observed. Cells are highly motile, even in chains directional movement can be observed 
microscopically. This movement appears to be powered a single polar flagellum. Its 
optimal pH is 7, thought it can grow at pH values down to 5.5 and up to 8.0. Growth is 
observed at least at low as 15 °C, but cannot occur at 45 °C, while it grows optimally 
from 35 to 40 °C. It does not seem to be capable of anaerobic respiration, based sulfite, 
sulfate, thiosulfate, and nitrate reduction assays. It does appear to be capable of nitrogen 
fixation, though it grows most robustly with urea in the medium. On cellobiose, K. 
alysoides produces formate, acetate, and butyrate as fermentation end products. It is 
urease, gelatinase, indole, catalase, and oxidase negative. A wide range of mono-, di-, and 
poly- saccharides can be fermented: L-arabinose, arbutin, cellobiose, chitin, fructose, 
galactose, glucose, lactose, laminarin, lyxose, maltodextrin, maltose, maltotriose, 
mannose, melezitose, polygalacturonic acid, ribose, salicin, sorbose, starch, sucrose, 
trehalose, and xylose. It is not able to grow on SCFAs (acetate, butyrate, formate, lactate, 
propionate, succinate), adonitol, amygdalin, D-arabinose, amino acids, cellulose, dulcitol, 
fucoidan, fucose, B-gentiobiose, D-glucono-y-lactone, D-glucosamine, inulin, mannitol, 
melibiose, 10-methyl-a-D-glucopyranoside, B-methyl-D-xylose, pyruvate, raffinose, 
rhamnose, sorbitol, xylan, or xylitol. It was able to utilize pectin, but it was difficult to 
determine to what degree due to the turbidity of the polysaccharide. K. alysoides also 
utilized erythritol but did not grow well on it. The organism is available from the ATCC 
(TSD-26) and the DSMZ (100556). 
5.7 Discussion 
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K. alysoides has presumably never been isolated or sequenced before, perhaps in 
part due to its rarity in the natural environment, but the closest relatives (~96% 16S 
rDNA identity) have been found in sequencing surveys of insect and mammalian guts. 
The discovery of this taxon further demonstrates that much microbial diversity remains 
unexplored, even in soil, which has been heavily sampled in environmental sequencing 
surveys, but also that this endeavor is attainable. The role this organism plays in a 
complex community as well as its trove of uncharacterized chemotaxis receptors deserve 
further exploration.  
The family, Lachnospiraceae, in which K. alysoides resides, is one of the most 
abundant in the human gut microbiome. This family contains many known plant-
degraders and most of the butyrate producers in the gut. Higher relative abundances of 
Lachnospiraceae have been associated with lower colon cancer incidences (Abreu and 
Peek Jr., 2014), likely due to a high plant matter/fiber-rich diet and the resultant butyrate 
production (Encarnação et al., 2015; Zhang et al., 2010). It is possible that this organism 
resides in the gut or rumen naturally, especially given its optimal temperature range, 
which matches the internal temperature of humans and large animals. In a study 
examining the relationship between butyrate production and habitat, Lachnospiraceae 
producing butyrate and forming spores tended to be gut inhabitants, while those 
inhabiting other sites seem to have lost this capability (Meehan and Beiko, 2014).  Given 
that mucins lining the colon enrich for this family and butyrate production (Van den 
Abbeele et al., 2013), these members could easily be missed by the usual fecal material 
sequencing surveys. But, not surprisingly, nitrogen-fixing bacteria seem to be enriched in 
environments low in available nitrogen (urea, ammonium, amino acids), like the termite 
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gut (Shi et al., 2013). And, in the termite gut, nitrogen-fixation has been linked to 
cellulolysis by a protist endosymbiont  (Hongoh et al., 2008), due mostly to production of 
amino acids from atmospheric nitrogen. Whether in mammals or insects, it is plausible 
that K. alysoides is a gastrointestinal tract-associated bacterium. 
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CHAPTER 6 
 
PROBING THE IMPACT OF THE RARE BIOSPHERE THROUGH MICROCOSM 
DEVELOPMENT AND SYNTHETIC ECOLOGY 
 
6.1 Abstract  
 Substrate utilization in nature results from metabolic and spatial interactions 
between microbes that are more easily teased apart in simplified communities. While 
these can be established by intentionally combining bacteria of interest, it is not clear 
how stable or ecologically-relevant the resulting communities would be.  
 Here we let the environment select for a simplified and stable community by 
introducing a soil sample to an anaerobic habitat containing switchgrass. The resultant 
microcosm was stable over several years of serial transfers and highly replicable. A small 
number of OTUs made up the majority of the reads, comprised entirely of the phylum 
Firmicutes, and the commonly gut-associated families Enterococcaceae, Clostridiaceae, 
Lachnospiraceae, and Ruminococcaceae. However, most of the diversity in the 
microcosm was due to thousands of low-abundance taxa, which persisted for the course 
of the experiment. 
 To test the role of these rare members in the microcosm, the most abundant 
members were isolated and reconstituted creating a community with only 10 isogenic 
strains.  This synthetic community was directly compared with the evolved community 
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containing rarer members. Rare members led to a small though significant increase in 
degradation rate, though media formulation had a greater effect on productivity. This 
approach could be a very valuable tool for studying the contribution of genetic diversity 
and a community’s rare biosphere to ecosystem function, resilience, and resistance.  
    
6.2 Introduction 
Soil is one of the most microbially-diverse habitats on Earth, containing 
thousands of species and between 106 and 1010 cells per gram (Crecchio et al., 2004; 
Curtis et al., 2002; Torsvik et al., 2002; Vieira and Nahas, 2005; Wang et al., 2016; 
Whitman et al., 1998). Less than a few percent of these species have been isolated, and 
those cultured in the laboratory are assayed outside the context of community dynamics 
and other ecological interactions.  The discovery of the rare biosphere(Sogin et al., 2006), 
consisting predominately of uncultured members, over the last decade has only made the 
issue more confusing. When the majority of the diversity is due to low abundance taxa, 
we assume that they are playing a role in ecosystem function. Conversely, if something is 
in such low abundance, is it really able to contribute in a significant way?  
Most of our taxonomic data is from amplicon libraries using the 16S rRNA gene 
for bacteria. These methods have problems accurately reflecting abundances(Gonzalez et 
al., 2012; Spiegelman et al., 2005) and can lead to completely new “taxa” due to chimera 
formation during amplification steps(Gonzalez et al., 2005; Kunin et al., 2010; Zajec et 
al., 2012). And, in the soil, inert DNA can remain viable for sequencing for 
decades(Trevors, 1996), likely leading to non-soil microbes to be labelled as soil-
associated. These issues lead some researchers to believe that the rare biosphere is may 
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be comprised predominately of artefact sequencing artefacts(Kunin et al., 2010).  
Most of these rare organisms have yet to be isolated and studied in pure 
culture(Albertsen et al., 2013; Neufeld et al., 2008; Shade et al., 2012; Sogin et al., 2006), 
so outside of broad classification into phylogenetic-functional guilds, their contribution to 
ecosystem processes and community function is largely unknown. This diversity makes 
modelling soil processes very difficult. Diversity is assumed to be beneficial, especially 
to ecosystem stability. Diversity leads to niche fulfillment, resistance, and 
resilience(Chapin III et al., 2000; Cook et al., 2006; Eisenhauer et al., 2013; Reich et al., 
2012). Clostridium difficile infections are the prototype for negative consequences of low 
microbial diversity: antibiotics remove diversity, clearing the way for mass proliferation 
of an invasive microbe, which leads to ecosystem collapse. 
While macroecological research has long focused on the effect of diversity on 
community stability and function, microbial ecology has struggled with effective 
experimental design. Sheer diversity can be manipulated in situ by adding toxins to cull 
whole populations, though these invariably target specific cell wall or membrane types or 
metabolic capabilities (Aguayo et al., 2013; Girvan et al., 2005; Müller et al., 2002). Not 
only does this add the variable of cellular stress to the experiment, it also removes taxa 
irrespective of their abundance or role in the community. This approach treats microbes 
as mere numbers rather than interactive and unique pieces of the ecosystem.  
Targeted removal of only the rare members is even more complicated due to our 
lack of knowledge about their physiology. Molecular techniques have also been show to 
miss rare members that culturing can capture (Shade et al., 2012). How can we assay the 
effect of diversity alone, without removing whole classes of organisms? Synthetic 
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ecology has accomplished this by rebuilding environments and inputting particular 
organisms, while leaving out others that are present in the natural environment. This 
approach has been mainly used in plant ecology, and is obviously more difficult with 
microbial populations. But it is a promising, non-destructive approach for understanding 
the core tenants of microbial ecology.  
  In this work, we aimed to develop a simplified and stable community mirroring 
the anaerobic plant-degrading communities in decaying leaf litter in the soil. With fewer 
organisms overall and only the active members present, we could better understand 
which microbes are involved in the process. Moreover, maintaining a stable community 
in vitro allows us to probe the effect of perturbations to the environment, such as changes 
in temperature or substrate. We developed this microcosm by evolving a soil community 
through serial transfers covering approximately three years, while tracking the 
community structure to assay stability over time. We isolated the most abundant OTUs 
from the microcosm, enabling us to probe the effect of lower diversity in the context of 
the rare biosphere by reconstituting the community without these rare members. 
 
6.3 Materials and Methods 
 Detailed methods for microcosm development and maintenance, HPLC analysis, and 
amplicon sequencing are as previously described.(Biddle, 2014)  
Isolations and maintenance 
Isolates were begun from the microcosm (replicate S2) at Transfer 43. All isolates 
were isolated on GS2 agar (1.5%) medium supplemented with 0.3% cellobiose. The 
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media contained, per liter: 3 g Na2HPO4, 1.77 g NaH2PO4, 2.18g K2HPO4, 3.4 g KH2PO4, 
2.1 g urea, 3 g sodium citrate•2H2O, 6 g yeast extract (Fisher BP9727-500), 2 g L-
cysteine hydrochloride monohydrate, 1 mL 0.1% Resazurin, 100 mL GS2 salt solution, 
900 mL ultrapure water, 3 g cellobiose. 100 mL of GS2 salts contained: 1 g 
MgCl2•6H2O, 0.15 g CaCl2•2H2O,0.00125 g FeSO4•7H2O in ultrapure H2O. Solidified 
plates were put into the anaerobic chamber (atmosphere ~3% H2, ~10% CO2, and balance 
N2) at least 8 hours before use. Microcosm tubes were vortexed to mix; serial dilutions 
were made in sterile water, which were then streaked onto GS2 plates. Colonies were 
restreaked until they appeared pure by colony morphology, then observed 
microscopically to ensure a single cell morphology was present. The 16S rRNA gene was 
amplified and then sequenced using 27F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 
1492R (5’-ACGGCTACCTTGTTACGACTT-3’) universal bacterial primers to test for 
purity and to classify the organism.  
The Ribosomal Database Project (RDP) website was used to classify taxa based 
on 16S rRNA gene sequences(Cole et al., 2009; Wang et al., 2007). More accurate 
taxonomic and phylogenetic placements were determined via phylogenetic tree 
development using all available type species 16S rRNA gene sequences in the RDP 
database(Tamura et al., 2011). Trees were built using the Neighbor-Joining method in 
MEGA5(Tamura et al., 2011, p. 5). 
Multiple rounds of isolations were carried out using various medium 
formulations, including the substrates acetate, raffinose, rhamnose, and xylose, and on 
both GS2 and Mic base media. Both spreads and streaks of serial dilutions were 
performed. In an effort to obtain more novel isolates, a PCR-based assay was developed 
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to check for the next top three abundant bacteria in the communities. Primers were built 
based on the Illumina phylotag sequencing data: a consensus sequence, including 
degenerate sites, was developed for each of the three OTU clusters using in-house R 
scripts. Thereafter, general guidelines for primer design were followed. These primers 
were used to perform PCR, testing if these OTUs were present in the whole communities, 
enrichments, and in isolated cultures. 
Pure cultures of isolates were grown anaerobically in GS2 liquid medium 
supplemented with 0.3% cellobiose. Medium was prepared per the Hungate 
technique(Hungate, 1969), flushing warm medium with nitrogen gas (N2) while stirring 
until Resazurin became colorless. 9.8mL was then aliquotted into tubes being flushed 
with nitrogen gas, and flushed until colorless again. With nitrogen flowing, tubes were 
placed on ice till cooled below room temperature. Rubber stoppers were firmly inserted 
after removing from nitrogen gas, and tubes were autoclaved at 121 °C for 15 minutes. 
 Freezer stocks were made upon confirmation of purity by 16S rRNA gene 
sequence analysis. A sterile solution of 30% glycerol and a mid-late log phase culture 
were iced for ~10 minutes, then 0.75mL of glycerol was added to a 2.0mL cryovial, 
followed by 0.75mL of the culture. Cryovial caps were tightly closed, and freezer stocks 
were immediately transferred to a -80 °C freezer. Viability and purity of freezer stocks 
were checked by inoculating into GS2 with cellobiose and observing the resultant culture 
microscopically with a phase contrast microscope at 400X and 1000X magnification. 
Reconstituting communities 
 Isolates were grown individually from freezer stocks in GS2 with 0.3% cellobiose 
and combined during each’s mid-to-late log phase in anaerobically prepared liquid Micpeb 
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or MQMpeb medium, containing 3mL of 3% pebble-milled switchgrass (see next section). 
Once inoculated, tubes were agitated to disperse and mix the cells. Tubes were kept at 30 
°C for the duration of the experiment. Two transfers of the rebuilt communities were 
performed before beginning the experiment. Triplicate samples were sacrificed at each 
timepoint for HPLC analysis.  
Switchgrass Degradation Measurements 
 15g of dried switchgrass was homogenized in a Waring blender for two minutes 
before being combined with 300mL of deionized distilled and filtered water in a pebble 
milling jar. The slurry was milled for 1 week (±30 minutes) before being diluted with 
another 200mL of water. This slurry was then immediately used to make liquid Micpeb or 
MQMpeb medium. Switchgrass degradation was measured by switchgrass height every 
three days. After each reading, the tubes were vortexed for two seconds to allow release 
of gas bubbles. 
MQM contained (per 690 mL): 2 g NaH2PO4, 10 g K2HPO4, 1 g L-cysteine 
hydrochloride monohydrate, 0.05 g L-proline, 40 mL XT2 solution, 10 mL BTE solution, 
and 1 mL 0.1% Resazurin. 3 mL pebble-milled switchgrass was aliquoted per tube, 
followed by 6.9 mL of medium. After autoclaving, 0.2 mL CPV4 was added to each tube. 
XT2 contained (per 100 mL): 0.25 g xanthine, 0.25 g thymine, and 1 mL 6N NaOH. BTE 
contained (per L): nitriolotriacetic acid, 3 g MgSO4∙7H2O, 0.5 g MnSO4∙4H2O, 1 g NaCl, 
0.1 g FeSO4∙7H2O, 0.1 g CoCl2∙6H2O, 0.1 g CaCl2, 0.1 g ZnSO4∙7H2O, 0.01 g 
CuSO4∙5H2O, 0.01 g AlK(SO4)2, 0.01 g H3BO3, 0.01 g Na2MoO4, 0.03 g NiSO4∙6H2O, 
0.02 g Na2SeO3, and 0.02 g Na2WO4. CPV4 contained (per 100 mL): 4 mg p-
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aminobenzoic acid, 0.1 mg biotin, 0.6 mg folinic acid, 8 mg nicotinamide, 0.5 g 
pantethine, 0.4 mg pyridoxal, 3.0 mg riboflavin, and 1.0 mg thiamine. 
 
 6.4 Results 
Microcosm Community structure 
Sequencing and diversity metrics of microcosm samples are as previously 
described by Biddle (Biddle, 2014) (Table 15). Briefly, there were 4.5 million paired-end 
reads representing 99,558 OTUs. Chimera Slayer (Haas et al., 2011) removed 
approximately 300,000 sequences and 7,212 OTUs. There was a dramatic decrease in 
diversity between the initial soil sample and all subsequent transfers, following relative 
stability which was consistent across replicates. 
Table 15. Microcosm development sequencing metrics. All sequenced replicates and 
transfers are included in these values. 
 Before Chimera 
Check 
After Chimera 
Check 
Chimera Checked  
> 1.5% Abundance 
Total number of 
sequences 
4554420 4204943 3328037 
Sequences per 
sample (mean) 
114734.5 105123.575 83200.925 
Sequences per 
sample (min) 
49400 45989 37 
Number of OTUs 99558 92346 18 
Total number of sequences, sequences per sample, and OTUs before and after chimera 
detection using Chimera Slayer (Haas et al., 2011). 
 
 The original soil sample was dominated by the phyla Acidobacteria, 
Proteobacteria, and Verrucomicrobia, with 10 phyla having a relative abundance of 
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greater than 1.5% (Figure 19). Together these 10 phyla comprised 93% of all sequences. 
Between Time 0 and Transfer 2, these 10 phyla became only two: the Firmicutes and the 
Proteobacteria. Though at Time 0 the Firmicutes made up only 0.47% of sequences, they 
quickly became dominant, making up between 74% and >99% of sequences for all other 
transfers. 
 
Figure 19. Phylum-level diversity of the microcosm over time. Transfer 0 is the initial 
soil sample from which the microcosms were developed. The soil community is typical, 
with Acidobacteria, Proteobacteria, and Verrucomicrobia dominating and other soil-
associated phyla like Actinobacteria, TM6, and Planctomycetes making up significant 
fractions. This timecourse is representative of all five replicates, with the Firmicutes 
being the most abundant microcosm member, and the Proteobacteria being lost as 
transfer intervals increased from 1 week to 4 weeks. 
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Of the three dominant phyla at Time 0, only the Proteobacteria were still present 
greater than 1.5% at Transfer 2, though the identity of the OTUs changed dramatically 
(Figure 20). The two most abundant Proteobacteria OTUs at Time 0 were no longer 
abundant by Transfer 2, while three other Proteobacteria OTUs which were low-
abundance at Time 0 became abundant by Transfer 2. These three OTUs were members 
of the Enterobacteriaceae and persisted until Transfer 20, after which they declined 
(Figure 20). None of the abundant OTUs from Time 0 remained abundant at or beyond 
Transfer 2. Conversely, none of the OTUs at 1.5% or greater abundance in Transfer 2 
were found at greater than 0.09% at Time 0. 
By Transfer 2 there were eighteen OTUs from five families at relative abundances 
greater than 1.5% (Figure 20), including the three Enterobacteriaceae species.  The 
remaining OTUs belonged to the Enterococcaceae, Lachnospiraceae, Clostridiaceae, 
and Ruminococcaceae families (Figures S2-S4).  By Transfer 62, ten OTUs were present 
at relative abundances greater than 1.5%, three of which were common to all five 
replicates (Figure 21). Entcoc1 and Lachno6 were abundant across every replicate and 
time point after Time 0. Together, Entcoc1, Lachno6, and Lachno4 comprised 48-67% of 
the total relative abundance in all five replicates at Transfer 62 (Figure 21). At this 
timepoint, all five replicates shared 265 OTUs which comprised 83-93% of the reads, and 
most of the diversity (>99%) in the microcosms was represented by a relatively small 
portion of the reads (7-17%). 
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Figure 20. Most abundant OTUs over time. Abundant OTUs (≥1.5% relative 
abundance) are shown by replicate (1-5) and over time (transfers 2-62). OTUs are named 
by their family: Lachnospiraceae (Lachno1-6), Clostridiaceae (Clost1-6), 
Ruminococcaceae (Rumino1-2), Enterobacteriaceae (Entbac1-3) and Enterococcaceae 
(Entcoc1). None were considered abundant members of the initial soil sample (transfer 
0). 
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Figure 21. OTUs shared across all replicates at transfer 62 (T62). Three OTUs 
comprised most of the reads amongst all replicates at T62. There were several other 
lower abundance OTUs that were shared across all replicates as well (“All shared”), 
making up >80% of the reads in any given replicate. This highlights the replicability of 
this approach. 
 
Enterococcus faecalis had maintained its rank as the most abundant microbe 
across all replicates, thought E. faecalis is known for its role as a lactic acid bacterium 
and as a pathogen (Callewaert et al., 2000; Corredoira et al., 2015; Foulquié Moreno et 
al., 2003; Harwood et al., 2004), not as a plant degrader. It does have varied metabolic 
capabilities (McBride et al., 2007; Ryu et al., 2001), allowing it to grow very robustly 
under myriad conditions. This coupled with its rapid growth rate, made it seem like a 
weed rather than a workhorse in the system. We hypothesized that Enterococcus blooms 
were outcompeting the microbes capable of complex carbohydrate degradation. In order 
to remove the Enterococcus faecalis from the microcosm, which we presumed was not 
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contributing to switchgrass degradation, we transferred the community to a minimal 
medium, referred to as MQM. After two transfers on this medium, we re-sequenced the 
community and found that E. faecalis had indeed lost its foothold in the microcosm, 
while allowing rarer members to become more abundant (Figure S5). There is likely a 
confounding effect between the loss of E. faecalis and the change in media on the shifting 
community. More importantly, this led to an observable increase in rate of switchgrass 
degradation.  
 
Microcosm Isolates 
 We were able to isolate the most abundant bacteria in the community and two 
rather rare members. Lachnospiraceae bacterium sp. KNHs209 (GenBank: 
GCA_000732725.1) comprised only 0.034% of reads on average by T62. Robinsoniella 
peoriensis strain KNHs210 comprised only 0.322% of reads by T62. E. faecalis was very 
easily isolated from the microcosm, and often appeared in co-culture with other species. 
Heat or ethanol treatment allowed us to remove it from mixed cultures with spore-
formers. Except for E. faecalis, all of the isolates are Clostridia, with five in the family 
Lachnospiraceae, one in the Clostridiaceae, and one in the Ruminococcaceae.  
Four strains of what appears to be a novel species based on rpoβ gene and ANI 
comparisons were discovered and initially mistaken for Clostridium phytofermentans, 
which is noted for its ability to degrade minimally processed plant material and cellulose 
while producing mainly ethanol. These strains do not perform as well as C. 
phytofermentans does in utilizing plant fibers, but they were the only isolates capable of 
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visibly degrading switchgrass. In certain replicates, this species is abundant (16.949% of 
S2 at T62), and in others it is found at very low abundances (0.003% of S4 at T62; 
0.005% of S1 at T62).  
The Clostridiaceae species (Clostridiaceae sp. KNHs214, GenBank: 
GCF_000744935.1) forms a very deep branch within the family, perhaps justifying 
classification as a novel genus. It appears to be responsible for protein turnover in the 
system, being the only one capable of utilizing proteins and amino acids for growth. 
Though plant material is often thought of as a carbohydrate source, leaves are also high in 
protein(Ghaly, 2010; Pandey and Srivastava, 1991; Plants, 1983), so dominance of a 
proteolytic taxon is not surprising. The others are all saccharolytic, though their 
substrates do vary, likely allowing them to specialize somewhat. 
We obtained two isolates of the Ruminococcaceae species (Ruminococcaceae sp. 
KNHs216, GenBank: PRJNA262381), but due to lack of phenotypic distinctiveness, we 
continued working with a single isolate. Like the Clostridiaceae sp., this taxon is also 
phylogenetically very distinct from described relatives, likely classifiable as a novel 
genus. 
 Due to the apparent novelty of these isolates and in order to better understand 
their roles, we are completing whole genome sequencing and characterizations. The 
current strain names are KNHs205 (Lachnospiraceae), KNHS206 (Lachnospiraceae), 
KNHs209 (Lachnospiraceae), KNHs210 (Lachnospiraceae), KNHs212 (with strains 
KNHs2131, KNHs2132, and KNHs219) (Lachnospiraceae), KNHs214 (Clostridiaceae), 
and KNHs216 (Ruminococcaceae). Phylogenies of these taxa are in supplemental figures 
S2-S4. 
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Searching for the Rarer Bacteria 
 Though we had the seven most abundant taxa isolated, there were a few that had 
evaded us, and so we returned to isolations, this time with different media, temperatures, 
and substrates. Mostly appearing as nondescript rods under the microscope, we utilized a 
PCR based assay to determine whether an isolate was one of these taxa. While whole 
community DNA gave positive results (bands), no isolate did. It is very likely that, even 
though they were so abundant, these organisms were chimeras. Of course, it is also 
possible that we simply could not isolate them. But, to test the degree of chimera 
formation in our communities, we performed deep sequencing on pooled isolate gDNA 
(from our isolates corresponding to Enterococ1, Clost1, Rumino2, Lachno1, Lachno2, 
Lachno4, Lachno5, and Lachno6).   
There were ~334,000 sequences with an average length of 254 bp and 5,900 
OTUs after quality filtering and initial OTU picking in QIIME (Caporaso et al., 2010) 
(Table 16). Chimera Slayer (Haas et al., 2011) removed approximately 1,000 sequences, 
leaving 4,131 OTUs for further analysis.  
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Table 16. Chimeras lead to overestimations of diversity. Eight distinct species’ 
genomes were extracted then pooled in equal masses. This milieu was sequenced using 
the same methods as were used for initial microcosm sequencing. These eight taxa led to 
almost 6,000 OTUs, highlighting the great impact of chimeric sequences on diversity 
metrics. Chimera Slayer was able to remove some of these sequences, but likely due to 
the closely-relatedness of sequences within a chimera, could not identify all of them. 
 Before Chimera 
Check 
After Chimera 
Check 
Isolate Sequences 
Total number of 
sequences 
334,881 333,086 305,356 
Number of OTUs 5918 4131 8 
 
The sequence identities of the eight, pooled isolates were matched against the 
OTU sequences in the dataset using local BLASTN to verify recovery of the known 
sequences. Percent identity to each OTU representative sequence ranged from 97% to 
100%, with 100% coverage. Phylogenies between the isolate sequences, OTU 
representatives, and selected type species verify of relationships (Fig S2-S4). The eight 
isolates corresponded to the top eight OTUs and represented 92% of the total reads. The 
remaining reads all classified as Firmicutes. 
 After a thorough search for the taxa lying just below 1% relative abundance, we 
believe that these may be artefacts of amplicon sequencing. Our pooled DNA experiment 
did reveal however, that there are certainly more than the eight taxa we isolated: our 
original sequencing effort revealed 92,346 OTUs while our mainly chimeric results gave 
only 4,900 OTUs. The putatively low diversity of these samples may have benefitted 
from use of PhiX as an internal control, though this would have only mitigated 
sequencing errors, not chimera formation during the PCR step. While our 8-isolate 
sequencing data still had a great diversity (4,900 OTUs), it shows that there must be other 
117 
 
organisms in the community due to the ~92,000 OTUs present in the whole microcosms. 
In order to determine which taxa were most likely to be representative of real rare 
microcosm members, we scanned the data for recurring taxa which were classified as 
distinct species, genera, classes, etc. from our isolates. Some of these persistent rare 
members were classified as Cupriavidis spp. within the β-Proteobacteria, 
Bradyrhizobium within the α-Proteobacteria, and Bacteroides spp. within the 
Bacteroidetes. Given their phylogenetic distance from our isolates, these are not 
chimeras. There were also low-abundance taxa within the Ruminococcaceae 
(Oscillospira), the Clostridiaceae (Sporoanaerobacter), and the Lachnospiraceae 
(Anaerostipes), though we had isolated some taxa from these families, but not these 
genera, as well. 
PCR and sequencing artefacts have been shown to lead to overestimations of 
diversity which can be improved through strictly quality filtering(Jeon et al., 2015; Krohn 
et al., 2016; Kunin et al., 2010). We re-performed the data analysis with stricter 
parameters during read merging and filtering steps. Merging was done using Flash with a 
minimum overlap of 20 bases. Read filtering used a minimum Phred score of 30 across at 
least 80% of the read, and the first 10 bases of each sequence were trimmed. When we 
used stricter quality parameters for read concatenation, we lost approximately 1,696,035 
reads (59.7%) from the original sequencing dataset. We were left with 2,508,908 paired-
end sequences and 2,141 OTUs, a stark contrast to the initial analysis. 1,701 of these 
OTUs were only present in the soil samples (T0), with 440 OTUs remaining across the 
microcosm datasets. There were, however, still low-abundance OTUs which were present 
across transfers and replicates, suggesting that there are certainly rare taxa which have 
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persisted in these microcosms. It is also possible that quality filtering led to removal of 
other low-abundance taxa, given that approximately 3 of every 5 reads were left out of 
the analysis.   
Our isolates were still the most abundant taxa in later transfers, though 
abundances had changed slightly. Isolated taxa comprised between 77.56% and 89.55% 
of T62 replicate reads. All taxa over 1.5% relative abundance accounted for between 
89.96% and 93.36% of T62 replicate reads, with a few unisolated taxa appearing to be 
more abundant.  
The pooled-isolate sequencing results also changed considerably, leaving only 
251 OTUs (originally 4,900). A smaller fraction of reads was lost from this dataset 
(~5.8%), which was sequenced separately from the initial microcosm sequencing run, due 
to longer and higher quality initial reads. The difference between the whole community 
and the pooled-isolate sequencing results (440 vs 251 OTUs) still suggests that there are 
more taxa in the whole community than just the isolates, but that there is also an 
overestimation of distinct taxa either due to sequencing errors and/or chimera formation. 
Many of the same taxa from the original analysis were still present as lower-abudance 
taxa in the stricter analysis: Sporoanaerobacter, Oscillospira, Anaerostipes. 
Anaerovorax, Soehngenia, and an unknown Clostridium species were also present. 
 
Probing the Significance of Rare Members 
 To test the significance of these evasive rare members on community function, we 
reconstituted the communities on both the original Mic medium and on the defined MQM 
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medium, using pebble-milled switchgrass as the carbon source. The communities differed 
based on the growth medium, and these differences were reflected in rebuilding them 
(Supplemental Figure S5). For example, E. faecalis was only present in the community 
grown in Mic medium, while KNHs209 was only abundant in the community on MQM 
medium. We did include all four strains of the cellulolytic, KNHs212, in the rebuilt 
communities since they are indistinguishable at the OTU-level. However, there is 
certainly some microdiversity within species in the community that we could not account 
for in this experiment. 
 Both the whole and rebuilt Mic communities degraded poorer than those in 
MQM, with the whole community in MQM degrading switchgrass the fastest (Figure 22). 
All switchgrass columns reached a nadir at day 18, but began to get taller again. This may 
be due to an increase in cell biomass as plant material is consumed, which is a common 
problem in mass-based measurements of plant matter degradation. Gas production also 
leads to fluffing of the substrate. The greatest switchgrass loss was 25% by the rebuilt 
community in Mic, 24% by the whole community in Mic, 30.1% by the rebuilt 
community in MQM, and 35.9% by the whole community in MQM. Two-way Anovas 
(α=0.05) confirmed that there were significant differences in switchgrass degradation 
between the whole and rebuilt communities in both Mic and MQM media (p<0.05). 
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Figure 22. Switchgrass degradation by medium and community type. Shown as 
fraction of switchgrass remaining compared to the height (in mm) just prior to 
inoculation. MQM was the minimal medium (“Min”) and Mic (“Rich”) was the 
undefined, richer medium. The whole community (“Whole”) is a continuation of the 
microcosm whereas the rebuilt community (“Rebuilt”) was synthesized by building a 
community from only the most abundant isolates, thereby removing the rare members. 
The striped pattern denotes the whole community, including rare members. The bars are 
color-coded by medium, with black being the richer and violet being the defined medium. 
Three-way ANOVAs show significance (p<0.05) by medium and by community. Gas 
production or bacterial biomass led to an increase in switchgrass height after day 18, so 
the remaining datapoints are not shown. 
 
 
Acetate and ethanol were the major fermentation products in all four communities 
(Figure 23). However, productivity appears to be higher in Mic medium than in MQM, 
with approximately three times as much acetate produced. For the whole community in 
Mic medium, acetate had already reached 72.3 mmol by day 3, and 3.0 mmol of ethanol. 
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Ethanol may have been used by other community members, as it decreased slowly 
thereafter. Acetate peaked at day 13 (91.1 mmol) then decreased down to 72.7 mmol by 
day 24. The lag in degradation by the communities in Mic medium coupled with this 
quick initial rise in acetate levels seems to show that an initial bloom, probably powered 
by the small amount of yeast extract in the medium, outcompeted plant degraders and 
delayed their growth. This yeast extract may also have been preferentially used as easy 
carbon by the plant degraders, delaying plant matter utilization. 
Interestingly, the community which showed the fastest plant degradation 
(“WholeMQM”) produced the least acetate (between 10.9 and 17.5 mmol).  The rebuilt 
community on MQM had between 16.9 and 28.0 mmol of acetate, first rising steadily, 
then apparently being utilized after day 13. And while its ethanol production tracked with 
the ethanol produced by the rebuilt community in MQM, after day 9 the ethanol in the 
rebuilt microcosm began to decrease slowly and the ethanol in the whole microcosm 
slowly increased. Here it seems there were rare members who somehow led to a small but 
significant increase in plant degradation. 
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Figure 23. Fermentation product analysis of the whole communities and rebuilt 
communities by media type, rich (A) or minimal (B). HPLC was used to assay 
production of short chain fatty acids and alcohols, though only acetate and ethanol were 
found. Isolates produce a greater variety of fermentation products (formate, lactate, 
succinate, and butyrate), but they are likely reused as electron acceptors or carbon 
sources for other community members. 
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6.5 Discussion  
While soil communities are predominantly Proteobacteria, Acidobacteria, and 
Actinobacteria, many of these organisms are oligotrophic root-associated aerobes or 
microaerophiles(Janssen, 2006; Miao and Davies, 2010), becoming outcompeted by the 
more opportunistic copiotrophs when conditions become more nutrient rich or anaerobic. 
The shift from a typical soil microbiome to a typical fecal microbiome has been seen in 
cattle grazing grounds, where a continued input of cattle manure led to a soil community 
comprised mainly of Firmicutes(Chroňáková et al., 2015). Firmicutes are well-known as 
dominant members of mammalian gut microbiomes, as well as the foreguts of ruminants, 
though they do make up a small but significant portion of soil communities(Janssen, 
2006). These organisms also make up large portions of waste reactors and 
landfills(Franklin and Mills, 2006; McDonald et al., 2012; Parshina et al., 2000; Sun et 
al., 2015), likely due to a combination of anaerobic conditions, high plant material 
content (e.g. paper and cotton products), and food waste. Similarly, in this work we 
adapted the soil sample input into an anaerobic plant-degrading community predominated 
by Firmicutes. 
 The Lachnospiraceae, Ruminococcaceae and some Clostridiaceae are well-
known as plant-degrading bacteria, often inhabiting the gut (Arumugam et al., 2011; 
Biddle et al., 2013; Brulc et al., 2009). Several OTUs are related to the cellulose 
degraders Clostridium phytofermentans, Clostridium sporosphaeroides, and Clostridium 
celerecrescens (Fig S2-S4). These species may break down cellulose, enabling the 
noncellulolytic organisms (e.g. Enterococcus spp.) to utilize the resultant simple sugars 
or more easily access hemicellulolytic components. Enterococcaceae are not known to be 
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cellulolytic, though they have been shown to ferment a wide variety of 
substrates(Byappanahalli et al., 2012; The enterococci, 2002). This coupled with their 
quick growth explains their dominance in the microcosms. Enterococci are used in 
fermentations of fermented dairy and meat products due to their production of 
bacteriocins which prevent colonization and spoilage by other organisms(Callewaert et 
al., 2000),(Foulquié Moreno et al., 2003), but relatively little else is known about their 
ecology and interspecies interactions.  
Individually, these microbes produce a variety of fermentation products, including 
lactate, formate, butyrate, and succinate, though none of these fatty acids were visible by 
HPLC when the isolates were combined. The communities seem to be evolved for 
efficiency, meaning complete utilization of every resource in the system; where end-
products are recycled by other microbes. This is likely at the cost of plant degradation, 
which is a physiologically expensive microbial process, especially when extracellular 
enzymes must be produced and exported and then benefit not just the enzyme-producer 
but the whole community. In a richer environment where alternative carbon sources are 
available, plant degradation would likely be a last resort. This may be why the minimal 
media produced the most favorable results in terms of plant degradation. In future work 
that aims in enhance plant utilization rates, removing all alternative carbon sources would 
be essential. 
 Excluding rare members had a small negative effect on overall productivity, 
leading to slightly slower degradation of switchgrass. Based on these results, the rare 
members, while able to persist, are not integral to microcosm function. It seems logical 
that the most abundant members would be performing most of the work in a community, 
125 
 
while rarer members are scraping by in whatever niche they can fill. These rare members 
do, however, add to the efficiency of the system by increasing functional diversity. There 
are notable exceptions where rare taxa have been dubbed keystone species(Neufeld et al., 
2007; Pester et al., 2010), but more often keystone species are relatively abundant 
members(Fisher and Mehta, 2014; Power et al., 1996; Rafrafi et al., 2013; Ze et al., 
2012). It is believable that most confer the almost negligible benefit seen here, where the 
relatively abundant cellulolytic (KNHs212 strains) was arguably the keystone. This does 
not preclude the role of rare members as a seed bank, but in a stable environment, the 
community can be assumed to be equally stable. Shaping this community for maximum 
desired functionality (e.g. bioprocessing) would include a diversity of taxa, along with 
nutrient-limiting pressure to focus the unique talents of each member onto the task at 
hand.  
 In this system, a dramatic change in microbial community composition occurred 
during the initial serial transfers followed by relative stability, in a process that results in 
quite similar communities. The stability over time shows that this is a robust method for 
studying in vitro communities especially in response to environmental perturbations, 
assuming that the growth conditions accurately reflect the natural system, including 
temperature, turnover rate, and nutrient availability. Here an evolved microcosm 
approach also enabled the discovery of novel microbes in a community context that 
might otherwise evade detection due to low abundance in the natural environment.   
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CHAPTER 7 
 
SUMMARY AND CONCLUSION 
 
 In this body of work, we have worked towards a taxonomy within the family 
Lachnospiraceae which is in line with phylogenic and physiological data, while adding 
new and possibly rare taxa to our body of knowledge. An anaerobic microcosm evolved 
and maintained on switchgrass was the beginning of this journey. From this system, we 
were able to isolate several Clostridia that were in very low abundance in the initial soil 
sample. While the very first isolate was an environmental strain of Enterococcus faecalis 
ORF1, each other isolate was unique from previously characterized taxa.  
And while we had isolated the most abundant organisms from the microcosm, our 
community sequencing data showed that there were still taxa present that we were unable 
to isolate.  Surprised that low-abundance members were able to persist for so long, we 
reasoned that they must be playing a role in the community function. The role of these 
rare members in the environment is largely unknown, though in some studies they have 
been shown to act as a seed bank which flourishes when newnutrient are available, 
presumably adding to the stability and resistance of the ecosystem. In order to test their 
contribution to ecosystem function, we rebuilt the communities without these rarer 
members. In comparison to the whole communities, the rebuilt communities degraded 
switchgrass slower, though a nutrient-limiting habitat (minimal medium) was actually 
more responsible for quick degradation than was the community composition. 
 One of the taxa which became abundant when the microcosm was grown on 
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minimal media was a butyrate producer with a wide substrate range. At the time of 
isolation, the closest relatives shared only about 90% identity at the 16S rRNA gene 
level, leading us to classify this a novel genus. Though within the year prior to 
publication, Eisenbergiella tayi was described and became the closest known relative, 
sharing a 16S rRNA gene identity of ~94% or less. This isolate was found in a human 
blood specimen and was strictly proteolytic with an interestingly irregular colony 
morphology. Very close relatives of E. tayi had been found in human fecal sequencing 
surveys, hinting that it had made its way into the blood by way of a leaky colon. While 
our organism, Kineothrix alysoides, is not too distantly related to these, its ecology and 
lifestyle seem to be quite different. K. alysoides is a saccharolytic butyrate producer, also 
capable of nitrogen fixation. Butyrate production seems mostly relegated to gut and 
rumen mutualists (Duncan et al., 2004, 2002; Eeckhaut et al., 2010; Meehan and Beiko, 
2014), even having been shown to correlate with mucin-degrading commensals (Van den 
Abbeele et al., 2013). The need for nitrogen fixation pathways, however, seems 
unnecessary in the protein-rich human gut. This metabolism has been well studied in the 
gut of foraging insects: the relatively nutrient poor woody biomass that termites consume 
leads to a specialized consortium capable of nitrogen fixation which enables amino acid 
production. Another habitat often associated with nitrogen fixation is the soil associated 
with plant roots, the rhizosphere. Its evasion until now makes it difficult to say what its 
natural habitat is, but its rarity in the soil does not seem to be a lifestyle choice, since 
better growth conditions allow it to flourish. 
In our analysis of the other microbes present in the microcosm and their possible 
role in the community function and dynamics, we were brought to a group of closely 
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related taxa in the Lachnospiraceae. The oldest representative of the group was one of 
the first representatives of the whole family, Clostridium sphenoides. It was so-named 
because of its distinctive shape during sporulation, with the name being Greek for 
“wedge-like.” This characteristic seemed to be shared by the clade, but otherwise the 
descriptions were sparse and not standardized. Misclassification made the situation even 
more convoluted, with some of the taxa being more difficult to find and subsequently left 
out of many phylogenies or comparisons. A sequencing grant through the Joint Genome 
Institute (JGI) allowed us to do better comparisons and ultimately more accurately 
classify them. One of the taxa was originally named Clostridium methoxybenzovorans by 
Mechichi et al. in 1999. Mechichi added several taxa to the bacterial tree of life and 
brought an interesting perspective to the field (Mechichi et al., 2005; Tahar Mechichi et 
al., 1999; T. Mechichi et al., 1999; Mechichi T et al., 1999), but unfortunately 
Clostridium indolis was overlooked in the description of C. methoxybenzovorans. The 
published 16S rRNA sequences for the two organisms are almost identical, though these 
are not always representative of genomic similarity. Yet in this case, the genomes were 
also almost identical, sharing >99% average nucleotide identity and seemingly all 
phenotypic traits, including the metabolism that C. methoxybenzovorans was named for. 
Given the lack of distinguishing features, we have emended the description of C. 
methoxybenzovrans to state that it is a later heterotypic synonym of C. indolis. This work 
also shed light on an interesting characteristic that may be shared by this group, but that 
could easily go unnoticed due its lack of a unique genetic basis: the O-demethylation of 
aromatic compounds. This is of great interest to field of nutrition and cancer biology, 
since conversion of methyl esters to hydroxyl groups enhances the estrogenic effects of 
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phytoestrogens in edible plants like beans and seeds. The greater the potency of the 
phytoestrogens, the greater the antioncogenic effect. 
 While a step in the right direction, this did not fix the nomenclatural issues with 
the rest of the clade. And, due to their taxonomic standing, these species were being left 
out of family-level analysis altogether. In working on genus level reclassification for the 
C. sphenoides clade, we realized that a closely related clade was also misnamed, though 
distinct due to phylogeny and ecology. This group’s type species is Clostridium 
clostridioforme, originally described in 1958 and renamed several times since. Most of 
the other taxa in the group were discovered in the 2000s, isolated from clinical 
specimens, whereas the C. sphenoides group tended to be environmental isolates. These 
and other genomic characteristics and phenotypic differences led to the creation of two 
novel genera to house these taxa: Lacriformis and Enterocloster. 
 Another abundant taxon from the microcosm, initially thought to be a strain of 
Clostridium phytofermentans, turned out to be the only isolate capable of plant 
degradation and cellulolysis. Differences in fermentation products and cellulose 
degradation rates led us to a comparative genomic project between our four isolated 
strains and the type strain, C. phytofermentans ISDg. However, after genomic 
comparisons, we realized that these strains represented a novel species with a 
misleadingly similar 16S rRNA gene sequence. The genomic synteny was generally 
conserved, but the gene-level similarity was consistently ~85%, while hundreds of genes 
were present only in ISDg. The characterization of this novel taxon led us to reexamine 
the taxonomy of the Clostridial clade in which C. phytofermentans resided. While these 
taxa all were capable of plant degradation, either through ready use of xylan or cellulose, 
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they did not share many characteristics or genomic similarity. An in-depth phylogenetic 
analysis led to a restructuring of the clade into two novel genera: Cellulospecium, and 
Leschinia.  Future work includes publication of the comparison between our isolates and 
L. phytofermentans, with a special emphasis on the bacterial microcompartments and 
choline degradation. 
 While this work has attempted to rectify the majority of the Clostridial taxonomy 
within the Lachnospiraceae, there are still many misnamed organisms. Classification 
within monophyletic groups is essential to the accessibility of these taxa, given the way 
that misclassification is currently handled. Once all Clostridium spp. are reclassified, the 
Ruminococci and Eubacteria are next in line. Both have their own sensu stricto families, 
precluding inclusion into other families, leading to their stark absence from many current 
taxonomies and phylogenies as well. We owe it to these forefathers of the family - the 
researchers and these interesting microbes - to not let them be lost. 
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APPENDIX 
SUPPLEMENTAL FIGURES 
ϭϯ2
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Appendix S2. Phylogenetic tree of the Lachnospiraceae OTUs, relevant type 
species, and isolate 16S rRNA gene sequences using the Neighbor-joining 
method. 
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Appendix S3. Phylogenetic tree of the Clostridiaceae OTUs, relevant type species, 
and isolate 16S rRNA gene sequences using the Neighbor-joining method. 
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Appendix S4. Phylogenetic tree of the Ruminococcaceae OTUs, relevant type 
species, and isolate 16S rRNA gene sequences using the Neighbor-joining 
method. 
136 
Appendix S5. Media effect on community structure. Isolates begin with 
“KNH” but also include “Cphys” and “Efaecalis.” Mic medium contains a 
small amount of yeast extract, while MQM is completely defined. “Ball” 
refers to dry ball-milled switchgrass, whereas “Peb” refers to wet pebble-
milled switchgrass. 
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